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CHAPTER 1.  GENERAL INTRODUCTION 
 
Introduction 
Rainfall sustains the enormous agricultural industry over the United States northern 
plains, a region that undergoes frequent convective activity during summer (Changnon 2001).  
Although convective storms contribute to a majority of the summer rainfall in this area 
(Fritsch et al. 1986), they can also be hazardous.  Crop damage from hail and high winds 
has been a serious concern (Changnon 1972; Hillaker and Waite 1985), particularly around 
the growing season of July and August (hereafter referred to as mid-summer).  During 
mid-summer, mesoscale convective systems (MCSs) occurring in this region often generate 
windstorms that travel a long distance, rather than rainstorms1 as in late spring (Johns 1993).  
These windstorms often leave a long trail of damage to crops and property (Johns 1982; 
Johns and Hirt 1987; Bentley and Mote 1998; Ashley and Mote 2005), and they sometimes 
produce tornadoes (Fujita 1981; Forbes and Wakimoto 1983).  For example, a severe storm 
outbreak near northern Iowa on 23 June 1981 caused an estimated $461 million in crop 
losses due to hail and high winds (Hillaker and Waite 1985).  Similar events frequently 
cause millions of dollars in crop losses each year (Changnon 2002).  In view of the high 
impacts from these storms, this study aims to explore the origin and characteristics of 
summer MCSs over this region, and to improve the current weather prediction models’ 
ability to forecast them. 
 
Research Background 
Progressive (i.e. traveling a long distance) MCSs are a unique phenomenon in the 
central United States.  They often occur in a circulation environment contrary to that 
conducive for organized MCSs that can develop into cyclones (e.g. Hilgendorf and Johnson 
1998).  Widespread MCSs and tornado outbreaks tend to initiate east of a baroclinic trough 
in which the mid-level background flow is southwesterly, particularly during late spring/early 
summer (as reviewed by Hamill et al. 2005).  Such a synoptic setting forms a “dynamic 
                                                 
1 Convective storms with excessive rainfall (Johns 1993). 
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pattern” because it generates obvious large-scale forcing for strong and widespread 
convective storms due to strong baroclinicity and abundant moisture supply contributed by 
the Great Plains low-level jet (e.g., Uccellini and Johnson 1979; Maddox and Doswell 1982; 
Johns 1993; Hamill et al. 2005).  On the contrary, progressive MCSs often occur when the 
mid-level flow is northwesterly (Galway 1958; Miller 1972) between a broad ridge to the 
west and a long-wave trough to the east (Johns 1982; Johns and Hirt 1987; Coniglio et al. 
2004).  Such synoptic conditions are also known among forecasters as “weakly forced” 
(Stensrud and Fritsch 1994) or a “warm season pattern” (Johns 1993).  Large-scale 
baroclinic forcing is much less likely under the dominant ridge system and northwesterly 
flow than in the dynamic pattern.  Nevertheless, strong convective activity involving 
progressive MCSs still occurs. 
A similar circulation contrast takes place during the onset of the North American 
monsoon.  The monsoon begins when rainfall over northwest Mexico and the southwest 
United States increases dramatically around late June or early July (Douglas et al. 1993).  
Accompanying the monsoon rainfall is a transition of circulation regimes over the western 
United States evolving from a larger-scale trough into a monsoon anticyclone in the upper 
troposphere (Higgins et al. 1997).  After the monsoon onset, the anticyclone dominates in 
the middle and upper midtroposphere and forms mid-level northwesterlies over the northern 
plains, outlining a circulation structure resembling the warm season pattern.  This 
circulation transition is believed to cause the decrease of the Great Plains rainfall in July due 
to the enhanced downward motion north and northeast of the monsoon anticyclone (Higgins 
et al. 1997; Barlow et al. 1998) and the lack of synoptic transients to couple with the 
low-level jet in producing rainstorms (Chen et al. 2008b).  In other words, the warm season 
pattern that nurtures progressive MCSs actually restrains rainfall production in the 
climatological sense.  These seemingly conflicting phenomena made the forcing 
mechanisms of mid-summer MCSs more intriguing. 
Aiming to explore the characteristics of severe weather associated with the warm 
season pattern, Johns (1982, 1984) constructed the first climatology of convective storms 
occurring under the mid-level northwest flow (NWF), a phenomenon called northwest flow 
severe weather outbreaks (NWF outbreaks hereafter).  Johns (1982) found that NWF 
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outbreaks, with a peak frequency in July, only occur east of the Continental Divide.  These 
storms are initiated near the eastern Rocky Mountains and often propagate across the 
northern plains following a recurrent, northwest-southeast oriented track.  Later, Johns and 
Hirt (1987) showed that widespread convectively induced windstorms, or derechos (Hinrichs 
1888), also tend to occur under the warm season pattern and exhibit similar propagation 
pattern and frequency with NWF outbreaks.  Based on these findings, there may exist a 
steady forcing mechanism, other than the large-scale forcing, that initiates and sustains 
summer progressive MCSs. 
Convective storms with recurrent tracks are usually driven by short-wave perturbations 
embedded in the background flow.  A well-known example is African easterly waves along 
the African easterly jet.  These waves are mesoscale cyclonic perturbations induced by 
barotropic-baroclinic instability in the southern flank of the midtropospheric easterly jet 
(Burpee 1972; Chen 2006).  African easterly waves propagate westward and often trigger 
progressive MCSs on their way across the Sahelian Africa (Laing et al. 1999; Futyan and 
Genio 2007).  Another example is Meiyu rainstorms in East Asia during early summer.  
Propagating convective storms are frequently induced and transported by perturbations 
embedded in a mid-level westerly jet across northern Indochina and the South China Sea 
(Chen et al. 2008c; Wang and Chen 2008).  In the central United States, however, the 
possibility that certain perturbations are involved in forming the recurrent tracks of 
progressive MCSs has not been seriously considered. 
A few previous studies have noticed an association between progressive MCSs and 
some types of mid-level short waves.  Bosart and Sanders (1981) analyzed a long-lived 
MCS which caused the Johnstown Flood in Pennsylvania in July 1977.  They found that the 
MCS initiated in South Dakota was trailed immediately by an organized cyclonic circulation.  
The trailing perturbation only appeared between the lower and the middle troposphere and 
was capped under the largely anticyclonic upper-level flow.  Johns (1984) observed that 
strong NWF outbreaks tend to occur east of a subsynoptic-scale “dipping trough” at 
mid-levels.  Davis et al. (2002) traced mesoscale convective vortices during the early 
summer of 1999 and found that, other than moist vortices spawned by MCSs, there is a 
noticeable population of midtropospheric “dry vortices” clustered near the lee of the Rocky 
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Mountains.  Using high resolution model simulations, Trier et al. (2006) noted that a series 
of progressive MCSs over the northern plains in July 2003 coexisted with a series of short 
waves embedded in the 500mb flow coming from the Rocky Mountains.  The perturbations 
associated with progressive MCSs in these studies are all midtropospheric and with a 
subsynoptic scale, making them difficult to detect in conventional synoptic analyses. 
Recently, Chen et al. (2008a) analyzed an F-1 tornado in Iowa spawned by a 
progressive MCS on 8 September 2005 and found that the MCS was coupled with a 
short-wave perturbation in the midtroposphere.  The perturbation (about 700 km in 
dimension) initiated in the unstable westerly flow over the northern Rocky Mountains in the 
United States.  Its vertical development was restricted to below 400 mb by the upper-level 
monsoon anticyclone.  Applying a vorticity budget analysis, Chen et al. (2008a) suggested 
that these short-wave perturbations are capable of inducing convection through positive 
vorticity tendency at the front edge of the perturbation.  Their findings proposed for the first 
time that summer progressive MCSs may be attributed to such midtropospheric 
perturbations. 
Summarizing the findings in the previous studies, these progressive MCS-associated 
perturbations exhibit several common features: 1) forming before convection, 2) propagating 
southeastward, 3) occurring most frequently in July, and 4) initiating over the Rocky 
Mountains.  Compared with Johns’ (1982) observations on NWF outbreaks, the above 
features are very similar to those of NWF outbreaks.  It is very likely that the recurrent 
convective activities under the NWF condition are related to these subsynoptic-scale 
perturbations.  If there exists such a relationship, midtropospheric perturbations could be an 
important mechanism producing convective rainfall over the northern plains, because NWF 
outbreaks are frequent during mid-summer (Johns 1982; Hillaker and Waite 1985).   
 
Research Hypothesis 
The purpose of this study is to examine the phenomenon of midtropospheric 
perturbations (MPs hereafter) with an emphasis on their climatological behaviors and impact.  
Given the observed association between NWF outbreaks and MPs as indicated in the 
literature review, their relationship is investigated.  The first hypothesis is: MPs provide the 
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primary forcing mechanism for convective storms under the NWF condition, and produce 
NWF severe weather outbreaks.  Because the frequency and significance of these 
perturbations are unknown, the climatology of MPs needs to be established.  Thus, a 
thorough comparison between the climatologies of MPs and NWF outbreaks is conducted to 
explore their linkage.   
Numerical forecasts of MCSs within weakly-forced synoptic environments often have 
relatively low skill scores (Olson et al. 1995; Jankov and Gallus 2004).  This deficiency is 
related to the inability of models to properly simulate summer propagating rainfall in the 
central United States (Davis et al. 2003; Clark et al. 2007).  If the first hypothesis that MPs 
provide a forcing mechanism for summer progressive MCSs is valid, it is likely that forecast 
models do not perform well in predicting these short wave perturbations.  Therefore, the 
second hypothesis is: The inability of current forecast models in predicting propagating 
MCSs is contributed to by poor forecasts of MPs.  An evaluation of forecasts of MPs and 
their associated rainfall by current operational models is conducted to test this hypothesis. 
Two previous studies have suggested how MPs may form.  In their case study, Chen 
et al. (2008a) proposed a flow-terrain interaction leading the cross-mountain westerlies at 
mid-levels to be unstable, particularly when the flow moves across the Cascade Range and 
the Salmon River Mountains.  Trier et al. (2006) suggested that some dissipating synoptic 
waves propagating from the northeast Pacific across the Rocky Mountains are modulated by 
the diurnal terrain heating while entering the northern plains.  The planetary boundary layer 
over the Rocky Mountains develops deeply into the midtroposphere (Jiang et al. 2007), 
which may also influence the midtropospheric flows.  The effect of elevated terrain 
boundary layers on MP formation process is worth studying.  Thus, the third hypothesis is: 
The boundary-layer evolution over the Rocky Mountains modulates the flow property in the 
midtroposphere and assists in the wave generation. 
 
Dissertation Organization 
Three papers to test the above hypotheses are developed and assigned to the following 
three chapters.  The first paper (Chapter 2) examines the relationship between MPs and 
NWF outbreaks.  The examination begins with a case analysis on a randomly selected MP 
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event in July to ensure that the results of Chen et al. (2008a) are applicable to MPs 
throughout the warm season.  The case analysis also serves as a guideline for the criteria of 
MP identification in this paper.  With the aid of the North American Regional Reanalysis 
(Mesinger et al. 2006), a 10-year (1997-2006) climatology of MPs is constructed.  Basic 
characteristics of MPs including their population, climatological impact, and dynamical 
structure are reported, and the contribution of MPs to the summer rainfall over the northern 
plains is assessed.  The results are then compared with the characteristics of NWF outbreaks 
to substantiate their linkage. 
The second paper (Chapter 3) evaluates the operational forecasts of MPs by the North 
American Mesoscale Model (NAM).  The purpose of this paper is to see whether errors in 
forecasts of MPs affect forecasts of propagating rainfall systems.  The forecasted structure, 
propagation, and associated precipitation of MPs by the NAM are analyzed and compared 
with the observations.  This paper uses a diagnostic approach to examine the simulated and 
observed data.  After systematic errors are diagnosed, a search of the cause of errors is 
attempted.  The vorticity dynamics of MPs is analyzed to examine the bias in their 
kinematic properties, while skill scores are computed to measure errors in their associated 
rainfall. 
The third paper (Chapter 4) examines the influences of the Rocky Mountains and the 
terrain boundary layer on the formation of MPs.  It first assesses the impact of the Rocky 
Mountains on the summer circulation, particularly in the midtroposphere, and then analyzes 
the boundary-layer evolution over terrain.  Possible instabilities leading the midtropospheric 
flow to become unstable are diagnosed by examining: 1) the mean state of the 
cross-mountain flow and 2) the diurnal boundary-layer evolution over terrain.  Results of 
these aspects are compared to the climatological characteristics of MPs obtained from the 
first paper (Chapter 2) in an attempt to explain the formation mechanism of MPs.  Finally, 
Chapter 5 offers a general conclusion to summarize the entire dissertation. 
 
References 
Ashley, W.S., and T.L. Mote, 2005: Derecho hazards in the United States. Bull. Amer. 
Meteor. Soc., 86, 1577–1592. 
Barlow, M., S. Nigam, and E. H. Berbery, 1998: Evolution of the North American Monsoon 
 7
system. J. Climate, 11, 2238–2257.  
Bentley, M. L., and T. L. Mote, 1998: A climatology of derecho-producing mesoscale 
convective systems in the central and eastern United States, 1986–95. Part I: Temporal 
and spatial distribution. Bull. Ameri. Meteor. Soc., 79, 2527–2540. 
Bosart, L. F., and F. Sanders, 1981: The Johnstown Flood of July 1977: A long-lived 
convective system. J. Atmos. Sci., 38, 1616–1642. 
Burpee, R., 1972: The Origin and Structure of Easterly Waves in the Lower Troposphere of 
North Africa. J. Atmos. Sci., 29, 77–90.  
Changnon, S. A., 1972: Examples of economic losses, from hail in the United States. J. Appl. 
Meteor., 11, 1128–1137. 
Changnon, S. A., 2001: Thunderstorm rainfall in the conterminous United States. Bull. Amer. 
Meteor. Soc., 82, 1925–1940. 
Changnon, S. A., 2002: Climatology of Hail Risk in the United States. Changnon 
Climatologist, Mahomet, IL. 
Chen, T.-C., 2006: Characteristics of African easterly waves depicted by ECMWF reanalyses 
for 1991-2000. Mon. Wea. Rev., 12, 3539-3566. 
Chen, T.-C., S.-Y. Wang, W. A. Gallus, Jr., and D. Herzmann, 2008a: An F-1 tornado touching 
down at the campus of Iowa State University. Mon. Wea. Rev. (pending) 
Chen, T.-C., S.-P. Weng, and S. Schubert, 2008b: Interaction between the Great Plains 
low-level jet and the North American Monsoon. J. Climate (pending) 
Chen, T.-C., M.-C. Yen, and S.-Y. Wang, 2008c: East Asian monsoon rainfall variation. Atmos. 
Sci. (in press) 
Clark, A. J., W. A. Gallus, and T.-C. Chen, 2007: Comparison of the diurnal precipitation 
cycle in convection-resolving and non-convection-resolving mesoscale models. Mon. 
Wea. Rev., 135, 3456–3473. 
Coniglio, M. C., D. J. Stensrud, and M. B. Richman, 2004: An observational study of 
derecho-producing convective systems. Wea. Forecasting, 19, 320–337. 
Davis, C. A., D. A. Ahijevych, and S. B. Trier, 2002: Detection and prediction of warm season 
midtropospheric vortices by the Rapid Update Cycle. Mon. Wea. Rev., 130, 24–42. 
Davis, C. A., K. W. Manning, R. E. Carbone, S. B. Trier, and J. D. Tuttle, 2003: Coherence of 
warm-season continental rainfall in numerical weather prediction models. Mon. Wea. 
Rev., 131, 2667–2679. 
Douglas, M. W., R. A. Maddox, K. Howard, and S. Reyes, 1993: The Mexican Monsoon. J. 
Climate, 6, 1665–1677. 
Forbes, G. S., and R. M. Wakimoto, 1983: A concentrated outbreak of tornadoes, 
downbursts and microbursts, and implications regarding vortex classification. Mon. 
Wea. Rev., 111, 220–236. 
Fujita, T. T., 1981: Tornadoes and downbursts in the context of generalized planetary scales. 
J. Atmos. Sci., 38, 1511–1534. 
Futyan, J. M., and A. D. Del Genio, 2007: Deep convective system evolution over Africa and 
the tropical Atlantic. J. Climate, 20, 5041–5060. 
Fritsch, J. M., R. J. Kane, and C. R. Chelius, 1986: The contribution of mesoscale convective 
weather systems to the warm-season precipitation in the United States. J. Appl. 
 8
Meteorology, 25, 1333-1345. 
Galway, J. G., 1958: Composite charts for tornado situations under northwest flow aloft. 
Paper presented at Greneal Meeting, Amer. Meteor. Soc., Kanasas City, MO. 
Hamill, T. M., R. S. Schneider, H. E. Brooks, G. S. Forbes, H. B. Bluestein, M. Steinberg, D. 
Meléndez, and R. M. Dole, 2005: The May 2003 extended tornado outbreak. Bull. 
Amer. Meteor. Soc., 86, 531–542. 
Higgins, Y. Yao, and X. L. Wang, 1997a: Influence of the North American Monsoon System 
on the United States summer precipitation regime. J. Climate, 10, 2600-2622. 
Hilgendorf, E. R., and R. H. Johnson, 1998: A study of the evolution of mesoscale 
convective systems using WSR-88D data. Wea. Forecasting, 13, 437–452. 
Hillaker, H. J., and P. J. Waite, 1985: Crop-hail damage in the Midwest Corn Belt. J. Appl. 
Meteor., 24, 3–15. 
Hinrichs, G., 1888: Tornadoes and derechos. Amer. Meteor. J., 5, 341-349. 
Jankov, I., and W.A. Gallus, 2004: MCS rainfall forecast accuracy as a function of large-scale 
forcing. Wea. Forecasting, 19, 428–439. 
Jiang, X., N.-C. Lau, I. M. Held, and J. J. Ploshay, 2007: Mechanisms of the Great Plains 
low-level let as simulated in an AGCM. J. Atmos. Sci., 64, 532–547. 
Johns, R. H., 1982: A synoptic climatology of northwest flow severe weather outbreaks. Part I: 
Nature and significance. Mon. Wea. Rev., 110, 1653–1663. 
Johns, R. H., 1984: A synoptic climatology of northwest flow severe weather outbreaks. Part II: 
Meteorological parameters and synoptic patterns. Mon. Wea. Rev., 112, 449-464. 
Johns, R. H., 1993: Meteorological conditions associated with bow echo development in 
convective storms. Wea. Forecasting, 8, 294–299. 
Johns, R. H., and W. D. Hirt, 1987: Derechos: Widespread convectively induced windstorms. 
Wea. Forecasting, 2, 32-49. 
Laing, A.G., J.M. Fritsch, and A.J. Negri, 1999: Contribution of mesoscale convective 
complexes to rainfall in Sahelian Africa: Estimates from geostationary infrared and 
passive microwave data. J. Appl. Meteor., 38, 957–964. 
Maddox, R.A., and C.A. Doswell, 1982: An examination of jet stream configurations, 500 
mb vorticity advection and low-level thermal advection patterns during extended 
periods of intense convection. Mon. Wea. Rev., 110, 184–197. 
Mesinger, F., and Coauthors, 2006: North American Regional Reanalysis. Bull. Amer. Meteor. 
Soc., 87, 343–360. 
Miller, R. C., 1972: Notes on analysis and severe storms forecasting procedures of the Air 
Force Global Weather Central. Tech. Rep. 200 (rev.), Air Weather Service. 
Olson, D.A., N.W. Junker, and B. Korty, 1995: Evaluation of 33 years of quantitative 
precipitation forecasting at the NMC. Wea. Forecasting, 10, 498–511. 
Stensrud, D.J., and J.M. Fritsch, 1994: Mesoscale convective systems in weakly forced 
large-scale environments. Part II: Generation of a mesoscale initial condition. Mon. 
Wea. Rev., 122, 2068–2083. 
Trier, S. B., C. A. Davis, D. A. Ahijevych, M. L. Weisman, and G. H. Bryan, 2006: 
Mechanisms supporting long-lived episodes of propagating nocturnal convection 
within a 7-Day WRF model simulation. J. Atmos. Sci., 63, 2437–2461. 
 9
Uccellini, L. W., and D. R. Johnson, 1979: The coupling of upper and lower tropospheric jet 
streaks and implications for the development of severe convective storms. Mon. Wea. 
Rev., 107, 682-703. 
Wang, S.-Y., and T.-C. Chen, 2008: Measuring East Asian summer monsoon rainfall 




CHAPTER 2.  CLIMATOLOGICAL IMPACT OF MID-
TROPOSPHERIC PERTURBATIONS ON NORTHWEST FLOW 
SEVERE WEATHER OUTBREAKS 
 
A paper to be submitted to Monthly Weather Review 
Shih-Yu Wang and Tsing-Chang Chen 
 
Abstract 
Northwest flow (NWF) severe weather outbreaks describe a type of summer convective 
storms occurring in areas of mid-level NWF over the central United States.  Despite the 
weak forcing often associated with NWF environments, convective systems in these 
environments can travel a long distance and form recurrent northwest-southeast oriented 
tracks across the Upper Midwest.  Progressive convective storms under the NWF condition 
have been found to couple with subsynoptic-scale, midtropospheric perturbations (MPs).  
This coupling is suggestive of the mechanism by which NWF outbreaks occur.  Using the 
North American Regional Reanalysis for the decade of 1997-2006, this study traces MPs, 
examines their general behaviors, and assesses their climatological influences on NWF 
outbreaks and the summer rainfall. 
MPs originate from the Rocky Mountains and have an average wave length of 700 km 
during their mature stage.  The maximum occurrence frequency of MPs in July lags behind 
the peak tornado season in late spring, which is consistent with NWF outbreaks.  In July, an 
upper-level anticyclone develops as part of the North American monsoon circulation and 
forms prevailing NWF over the northern plains.  The background NWF channels MPs into 
eastward/southeastward propagation.  Convection is often sustained ahead of the 
perturbation trough, while the downstream propagation of MPs results in the progressive 
behavior of their associated convection.  However, the upper-level anticyclone also restricts 
the vertical development of MPs and prevents convective storms from growing into cyclones 
due to a lack of baroclinicity or large-scale forcing.  Evidently, MPs function as a smaller-
scale forcing mechanism in a background weather pattern lacking synoptic-scale features 
during summer. 
When encountering the northern terminus of the low-level jet, updrafts and convection 
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associated with MPs are considerably enhanced.  During July and August, this coupling 
contributes to a significant portion of the total rainfall over the Upper Midwest.  While 
about 60% of the summer rainfall in this region is related to MPs, 45% occurs when low-
level jets are strong.  Results show that NWF outbreaks are highly related to MPs during 
strong low-level jets.  Future evaluations of mesoscale forecast models on summer rainfall 
should take MPs into account. 
 
1. Introduction 
Summer convective storms in the United States northern plains often develop a long-
lived and progressive (i.e. traveling a long distance) character.  While some of these storms 
occur with strong low pressure systems, many occur with rather stagnant weather patterns 
exhibiting weak synoptic-scale features (Johns 1993).  Thunderstorm outbreaks within these 
“weakly forced” environments typically occur in areas of northwesterly flow (NWF) at mid-
levels (Galway 1958; Miller 1972).  Examining storm reports during a 16-year (1962-77) 
period, Johns (1982, 1984) constructed the first climatology of northwest flow severe weather 
outbreaks (herein NWF outbreaks) and reported their common characteristics: 1) the 
background flow at 500 mb features a large-scale ridge to the west and a long-wave trough to 
the east of the outbreak area, 2) the peak frequency appears in July instead of May and June 
(the peak tornado season), and 3) NWF outbreaks only occur east of the Rocky Mountains 
and form a northwest-southeast elongated high-frequency belt (Figure 2.1a) extending from 
the northern plains to the mid-Atlantic states during July and August (hereafter referred to as 
mid-summer).  Later, Johns and Hirt (1987) noted that NWF outbreaks are often associated 
with convectively induced windstorms, or derechos (Hinrichs 1888), that can cause 
widespread crop damage in the Upper Midwest (Hillaker and Waite 1985).  These two 
phenomena share a very similar propagation pattern and frequency. 
The background circulation associated with NWF outbreaks is referred to as a “warm 
season pattern” or a “weakly forced” environment, which is distinct from the classic 
“dynamic pattern” featuring a migrating synoptic trough west of the convective storm area 
(Johns 1993).  The dynamic pattern generates widespread large-scale forcing for mesoscale 
convective systems (MCSs) due to strong baroclinicity (e.g., Uccellini and Johnson 1979) 
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and occurs more often in late spring than in mid-summer (Johns 1993; Coniglio et al. 2004).  
Because of its frequent association with multiple bow echoes and tornado outbreaks, the 
dynamic pattern has been extensively studied (Agee et al. 1975; Galway 1977; Johns 1993; 
Hilgendorf and Johnson 1998; Hamilton et al. 1998; Thompson and Edwards 2000; Hamill et 
al. 2005; and others).  Johns (1982) noted that very little has been done to look at the NWF 
phenomenon.  Compared to the efforts put forth to research MCSs associated with the 
dynamic pattern during the past two decades, much less effort has been given to NWF 
outbreaks and the fundamental mechanisms forming NWF outbreaks remains relatively 
unknown. 
Nevertheless, the synoptic conditions favorable for summer progressive MCSs in the 
NWF environment have been examined.  Among these conditions are warm advection in 
the lower troposphere along an east-west oriented quasi-stationary front (e.g., Johns and Hirt 
1987; Schmidt and Cotton 1989; Smull and Augustine 1993), near-surface thermal instability 
accompanied by westerly to northwesterly wind shear in the lower troposphere (e.g., 
Weisman et al. 1988; Coniglio and Stensrud 2001; Coniglio et al. 2004; Tuttle and Davis 
2006), and strong north-south baroclinicity at middle and upper levels (Trier et al. 2006).  
Water vapor transpired from the vast agricultural fields during the growing season leads to 
the pooling of moisture along low-level convergence boundaries (Segal et al. 1989) at the 
northern terminus of the low-level jet (LLJ; Stensrud 1996).  Accompanied by the moisture 
pooling, the LLJ creates large convective available potential energy (CAPE) with low 
convective inhibition (CIN) for progressive MCSs in this region (Weisman 1990).  Such 
conditions were also found important for corridors of propagating rainfall (Trier and Parsons 
1993; Davis et al. 2003; Tuttle and Davis 2006).  Despite these environmental factors, the 
forcing mechanism by which NWF outbreaks are initiated and sustained, as well as how their 
characteristic high-frequency belt (Figure 2.1a) is formed, has not been well understood. 
On 8 September 2005, a derecho-induced tornado touched down at the campus of Iowa 
State University.  Analyzing this event, Chen et al. (2008a) found that the derecho-
producing MCS was coupled with a short wave perturbation embedded in the 
midtropospheric NWF.  A series of perturbations was observed which originated from the 
Rocky Mountains.  These perturbations propagated downstream along the NWF, driving the 
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associated convection southeastward across the northern plains.  The vertical structure of 
these perturbations had maximum amplitudes around 600 mb, but was restricted to below 
400 mb by the upper-level anticyclone.  Examining their vorticity dynamics, Chen et al. 
(2008a) suggested that these perturbations can generate convection through a triggering of 
upward motion by positive vorticity tendency. 
A few studies have related summer progressive MCSs to such perturbations.  Johns 
(1984) pointed out that NWF outbreaks sometimes occur with a subsynoptic-scale “dipping 
trough” positioned immediately west of the storms.  Analyzing a long-lived MCS that 
caused severe floods in Pennsylvania in July 1977, Bosart and Sanders (1981) found that the 
MCS was coupled with a well-defined cyclonic circulation at mid-levels.  The cyclonic 
perturbation began trailing the MCS since its initiation in South Dakota.  Trier et al. (2006) 
simulated a series of progressive MCSs over the northern plains in July 2003 and observed 
that each of the MCSs coexisted with a short wave at 500 mb.  It was also noted that those 
short waves seemed to trigger convection with a diurnal frequency.  Forecasters nowadays 
are aware of such perturbations and the potential severe weather the perturbations may cause1.  
The strong association between such midtropospheric perturbations (MPs hereafter) and the 
mid-summer convective activity discovered in these studies sheds light on the forcing 
mechanism for NWF outbreaks, as well as progressive MCSs in a weakly forced synoptic 
environment. 
After tracing MPs during the warm seasons of 1997-2006, as will be discussed in this 
study, it is found that the mid-summer occurrence frequency of MPs (Figure 2.1b, explained 
later) resembles that of NWF outbreaks: both featuring a northwest-southeast oriented 
frequency belt across the northern plains.  In addition, the mid-summer circulation at the 
midtroposphere featuring an anticyclone over the western United States and a large-scale 
trough over the East Coast (Figure 2.1b) is consistent with the aforementioned warm season 
pattern associated with NWF outbreaks.  These resemblances enhance the likelihood that 
MPs are closely linked to NWF outbreaks.  If these two phenomena are proved related, the 
                                                 
1 The following forecast discussion in the Storm Prediction Center on July 18, 2007 is one example showing 
the awareness of the midtropospheric perturbation from forecasters: …MID LEVEL SHORT WAVE 
TROUGH TOPPING THE RIDGE OVER THE ROCKIES ACROSS WY.  THIS FEATURE WILL TRACK 
EASTWARD…EMBEDDED IN FASTER WEST-NORTHWESTERLY FLOW...AND RESULT IN A 
POTENTIALLY ACTIVE SEVERE WEATHER EVENT… 
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formation process and the systematic propagation track of MPs can be explained. 
The purpose of this study is to understand the characteristics of MPs and to discuss 
their influence on NWF outbreaks, in particular the impact of MPs on the convective activity 
and rainfall, in a climatological perspective.  To date, basic aspects such as the kinematic 
structure, climatology, and impact of MPs are largely unknown.  These aspects comprise the 
research objectives of this study.  The population and structural characteristics of MPs are 
analyzed based on a state-of-the-art regional reanalysis dataset, which is introduced in 
Section 2.  Section 3 provides an overview of the circulation and rainfall climatologies over 
the United States.  Section 4 illustrates the basic features of MPs using a case analysis of a 
multiple-MP event.  The case selection procedure of MPs is introduced following the 
guidelines established through the case analysis.  The climatology of MPs, including the 
occurrence frequency and their impacts on rainfall/convective activity, is shown in Section 5.  
Possible interactions between the LLJ and MPs are also examined.  Possible instability 
factors in the mean flow that may result in perturbations are discussed in Section 6.  
Concluding remarks are given in Section 7. 
 
2. Data sources 
a. North American Regional Reanalysis 
The development and production of the North American Regional Reanalysis (NARR) 
project by the National Centers for Environmental Prediction (NCEP) were completed in 
2004.  The NARR was constructed using the latest version of the NCEP Eta model and its 
Data Assimilation System at 32-km 45-layer resolution with 3-hourly output.  The project 
uses numerous datasets that are more advanced compared to the NCEP global 
reanalysis.  The NARR analyses have been found to be very close to the observations made 
from raingauges, rawinsonde reports, and surface stations over the continental United States 
(Mesinger et al. 2006).  This study analyzes a 10-year period (1997-2006) from the NARR 
dataset.  The National Climatic Data Center provides all NARR data from their website at 
http://www.ncdc.noaa.gov/oa/ncdc.html. 
b. National multi-sensor hourly precipitation analysis 
The NCEP national precipitation analysis dataset is estimated from about 140 WSR-
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88D radars and more than 3,000 automated gauge reports over the continental United States 
at 4-km spatial resolution (Lin and Mitchell 2005).  There are two versions, Stages II and IV, 
of this dataset.  The more advanced Stage IV version which features manual quality control 
has only been available since 2002, thus, this study used the Stage II version for data 
uniformity.  To cope with the large volume of data, we reduced its spatial resolution to 32 
km (to be consistent with the NARR) using a bilinear approach.  The Stage II dataset is 
provided by the Environmental Modeling Center at NCAR from their website at 
http://www.emc.ncep.noaa.gov/. 
c. Storm reports 
Hail and high winds are often associated with convective storms.  Johns (1982) used 
reports of hail and convective wind gusts for computing NWF outbreak frequency.  The 
Storm Prediction Center (SPC) has been compiling reports of hail and high winds throughout 
the country for its Thunderstorm Database.  This study examines this database and, 
following Johns (1982), projects hail 3/4 inch in diameter or greater and estimated wind gusts 
greater than 50 knots onto a 2˚ long. x 2˚ lat. grid mesh.  These reports are then accumulated 
over a 3-hour interval centered at 00Z, 03Z ...21Z for individual days.  This procedure 
generates a new variable in terms of the hail and high wind frequencies representing the 
convective activity.  Details about these storm reports can be found on the SPC website 
http://www.spc.ncep.noaa.gov/archive. 
 
3. Climatology of the background circulation  
From June to July, the upper-level circulation over the continental United States 
undergoes a transition from the late-spring "cold season" regime, with a large-scale trough 
over the western continent (Figure 2.2a), into the summer regime characterized by a large 
anticyclone (Figure 2.2b).   This transition takes place in response to the onset of the North 
American monsoon around early July (Higgins et al. 1997a; Chen et al. 2008b), and is 
accompanied by increased rainfall over northwest Mexico and southwest United States with 
decreased rainfall over the Great Plains (Harman 1991).  At the lower troposphere, the 
moisture transporting LLJ (indicated by thick arrows in Figure 2.2) generates a breeding 
region for warm season convective storms in the central United States (Pitchford and London 
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1962; Augustine and Caracena 1994; Arritt et al. 1997, and others), particularly during 
nighttime near the northern terminus of the LLJ (e.g., Wallace 1975; Tuttle and Davis 2006; 
Jiang et al. 2007).  However, the LLJ variation with respect to the North American monsoon 
onset is not as pronounced as the upper-level circulation, as indicated by the jet core in 
Figure 2.2.  Previous studies suggested that the circulation transition may enhance upper-
level convergence northeast of the anticyclone to induce downward motion, and thereby 
suppresses precipitation over the Great Plains (Higgins et al. 1997a; Barlow et al. 1998). 
Chen et al. (2008b) proposed a different perspective regarding this transition.  They 
examined the dynamical interaction between the upper- and lower-level circulations by 
categorizing LLJs into two groups: one coupled with approaching synoptic waves, and the 
other underneath a dominant ridge system in the upper troposphere.  They found that the 
former LLJ group is capable of producing large rainfall, due to the dynamic coupling, and 
occurs three times more frequently in May and June (MJ) than in July and August (JA).  The 
latter LLJ group becomes important in JA after the monsoon anticyclone is established.  The 
MJ upper-level circulation (Figure 2.2a) featuring a synoptic trough and the LLJ west of the 
precipitation area resembles the dynamic pattern for MCSs as proposed by Uccellini and 
Johnson (1979).  Thus, the chance for the dynamic coupling between synoptic waves and 
LLJs during MJ is accordingly higher than in JA.   
After the monsoon onset, the well-developed monsoon anticyclone (Figure 2.2b) 
hinders synoptic waves from entering the Great Plains and reduces the chance for LLJs to 
couple with those waves (Chen et al. 2008b).  The convective activity and rainfall 
production over the Great Plains are reduced considerably, forming a “break spell” during the 
rainy season.  This observation agrees with previous ones that JA feature the weakest 
synoptic-scale transients over the central United States (Carbone et al. 2002; Tuttle and Davis 
2006).  Despite the synoptic and dynamic constraints on rainfall by the JA circulation, a 
precipitation center persists over the Upper Midwest (Figure 2.2b; encircled by a dashed 
box).  It is known that MCSs contribute to a majority of the summer Midwest precipitation 
(Fritsch et al. 1986), but how MCSs are sustained under the climatologically rain-suppressing 
JA circulation is worth investigating. 
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4. Case analysis and MP selection procedure 
The tracking of MPs is based on Chen et al.’s (2008a) descriptions of these 
perturbations.  However, because their MP event occurred in September 2005, there is a 
need to verify if their analysis is applicable to those during mid-summer.  A randomly 
selected MP event involving a 3-day sequence of propagating convective storms in July 2005 
is analyzed.  The following analysis of this event will serve as the guideline for our MP 
selection criteria, which will be shown in Section 4.2. 
 
4.1 Case analysis 
Three progressive convective storms occurred in the northern plains during three 
consecutive days on 20-22 July 2005, as depicted by composite radar reflectivities in Figure 
2.3.  Storms 1 and 2 formed distinct bow echoes and traveled a long distance (Figures 2.3a 
and b), but Storm 3 was much weaker with a shorter duration and dissipated over Iowa 
(Figure 2.3c).  The large-scale circulation during this convective episode is displayed in 
Figure 2.4 by streamlines at 200, 600, and 900 mb on 09Z 7/21/05 superimposed with the 
Stage-II rainfall.  At 200 mb, the monsoon anticyclone covered the southwest United States 
but did not feature any perturbation corresponding to the storms (Figure 2.4a).  At 600 mb, a 
series of short waves (dashed lines; Figure 2.4b) appeared trailing Storms 1 and 2, while 
Storm 3 would develop later with the third wave (not shown).  At 900 mb, a warm front 
stretches zonally across the Upper Midwest through Storms 1 and 2 (Figure 2.4c).  As 
predicted by the progressive pattern (Johns and Hirt 1987) describing a short curved squall 
line oriented nearly perpendicular to the surface quasi-stationary front, Storm 2 formed a 
north-south oriented bow echo in Iowa (Figure 2.5c) with a classic mesohigh-wake low 
pattern (Fujita 1955). 
Longitude-height sections of vorticity (Figure 2.5a) across the trajectory of the three 
MPs (dot line in Figure 2.4b) indicate that these perturbations initiated over the Rockies, 
grew in the northern plains, and began to decay east of the Ohio Valley.  The vertical 
development of theses perturbations appears to be limited by the monsoon anticyclone 
(portrayed by the eddy geopotential height).  A lack of baroclinicity east of the anticyclone 
may also hinder the development of perturbations.  Limited vertical extension of 
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atmospheric perturbations is not uncommon.  For example, the Indian monsoon depression 
develops under the upper-tropospheric Tibetan high and is restricted to below 300 mb (Sikka 
1977; Chen et al. 2005).  African easterly waves are also restricted vertically either by the 
Tibetan high or the mid-level North African anticyclone (Chen 2006).  Regardless, each MP 
was accompanied by a well-organized mass flux circulation, or divergent circulation in the 
form of zonal divergent wind (uD) and vertical velocity (ω; from the NARR output), with 
strong upward motion ahead of the perturbation and downward motion behind it (Figure 
2.5b).  The associated MCSs are consistently coupled with the updrafts of each MP. 
The evolution of these MPs is shown in the longitude-time Hovmöller diagram of 
600mb meridional wind (Figure 2.6a) across their trajectory.  All three MPs initiated within 
the anticyclonic curvature of the mid-level flow over the Rockies and propagated eastward at 
an average speed of 15 ms-1.  Precipitation (Figure 2.6c) began as the perturbation moved 
out of the Rockies (around 100°W), apparently sustained by the upward motion (Figure 2.6b) 
and the convergence of water vapor flux (Figure 2.6e) coupled with each MP.  Note that the 
propagation speed of Storm 2 increases to 20 ms-1 during the developing stage between 100°-
90°W.  Such a speed is close to that of progressive derechos measured by Johns and Hirt 
(1987).  Moreover, the early demise of Storm 3 seems correlated with the much weaker LLJ 
(Figure 2.6d) compared to the previous two days, which corresponds to the weak moisture 
supply for Storm 3 depicted by weak convergence of water vapor flux (Figure 2.6e). 
These results not only demonstrate the systematic coupling between MPs and moist 
convection, but also distinguish MPs from mesoscale convective vortices (MCVs).  MCVs 
are residual cyclonic circulations induced by MCSs and have a dimension ranging from 50 to 
400 km (Menard and Fritsch 1989; Bartels and Maddox 1991; Davis et al. 2002).  The 
dimension of MPs (~700 km, shown later) is larger than MCVs.  Also, precipitation 
produced by MPs occurs after the perturbation appears, unlike MCVs which are spawned by 
MCSs.  Although MCVs sometimes induce new convection, they usually propagate 
northeastward rather than southeastward (Davis et al. 2002).  Overall, the characteristics of 
this MP event are consistent with those of the September event analyzed by Chen et al. 
(2008a), except for the occurrence of tornados and the variation of LLJs.  This enables us to 
develop criteria for identifying MP cases throughout the warm season. 
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4.2 Case selection criteria 
Wind field and vorticity are the main variables used to detect MPs.  Note that gravity 
waves may appear in the vorticity field due to the fine grid spacing (Barnes et al. 1996) of the 
NARR.  We found that by simply applying a 9-point smoothing technique to the vorticity 
field2, the signal of gravity waves can be effectively eliminated.  Using streamlines and the 
smoothed vorticity (ζ) at 600 and 200 mb analyzed every 3-hrs, the following criteria are 
applied to identify MPs: 
1) The large-scale circulation at 600 mb exhibits an anticyclone/ridge over the central-
western continental United States and a long-wave trough over the eastern seaboard.  The 
average wind direction within the domain outlined in Figure 2.2b (100°W-85°W, 35°N-
50°N) must be between westerly and northerly (270°-360°) at both 600 mb and 200 mb. 
2) In the same domain, a cyclonic perturbation appears at 600 mb while the 200mb flow at its 
corresponding location is anticyclonic (ζ<0).  Vorticity of the MPs shown in Section 4.1 
ranged from 10-5s-1 at genesis to near 10-4s-1 during their mature stage, thus, the maximum 
vorticity of the identified cyclonic perturbation must exceed 10-5s-1.  The grid point 
containing the maximum vorticity value marks the center position of this perturbation.  
There must be at least four grid points with ζ ≥ 10-5s-1 surrounding the center position.  
Perturbations satisfying these conditions must last for at least 24 hours. 
3) The initial point (genesis) of the perturbation is determined by tracing it back until none of 
the grid points contains vorticity larger than 10-5s-1.  The ending point is decided using the 
same method as the initial point, or when the perturbation merges with the large-scale 
trough near the eastern seaboard.  This back-tracking approach is modified from Chen 
(2006) tracing African easterly waves. 
4) No synoptic-scale troughs or baroclinic waves appear within the 10° square area 
surrounding the perturbation.  
Criteria 2 and 3 were computationally programmed and manually reconfirmed, while Criteria 
1 and 4 were applied by visual recognition.  To reduce subjectivity, Criterion 1 follows the 
description of the 500mb flow pattern by Johns (1982).  This procedure and Criterion 4 are 
                                                 
2 Averaging vorticity values of the center and the surrounding 8 grid points without weighting. 
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to minimize the influence of large-scale forcing (as in the dynamic pattern) on the selected 
cases.  Low-level conditions, precipitation, or storm reports are not involved in any of the 
criteria. 
 
5. Climatology and kinematic structure of MPs 
5.1 Occurrence frequency 
A total of 151 MPs over the 10-yr (1997-2006) period are identified.  The duration and 
genesis of all cases during this period are shown in Figure 2.7a.  The peak season of MPs, 
roughly between late June and late August, is coincident with the mature phase of the North 
American monsoon (Higgins et al. 1997a).  The monthly population of MPs (Figure 2.7b) 
depicts the highest frequency in July (9.5 per month) followed by August (~6 per month).  
This mid-summer frequency peak is consistent with NWF and derecho outbreaks that occur 
most frequently in July (Johns 1982; Johns and Hirt 1987; Bentley and Mote 1998; Ashley et 
al. 2005).  The MP frequency is much lower in May and June (approximately 3 per month) 
with the lowest in September (~2 per month).  The low frequency in June may be observed 
because the upper-level flow often remains southwesterly when the mid-level flow becomes 
northwesterly (Johns 1982) and, thus, Criterion 1 is not satisfied.  The 3-hourly population 
of MPs in Figure 2.7c, determined by the time of geneses, shows a frequency peak at 12Z 
and a secondary peak at 00Z.   
In view of the high MP frequency during mid-summer and the prevailing warm season 
pattern, the following analyses will focus on July and August.  The geographic frequency of 
MPs during JA is shown in Figure 2.1b in terms of their 3-hourly positions.  Except for the 
region west of 100°W where MPs initiate, the MP population during JA is consistent with 
that of NWF outbreaks (Figure 2.1a).  The northwest-southeast oriented high-frequency belt 
of MPs which is parallel to the mean flow suggests that these weather systems are largely 
guided by the mid-level NWF.  MPs during MJ (not shown) are distributed about 5°-10° 
further south with a pattern similar to, but more diffuse, than those shown in Figure 2.1b.  
From MJ to JA, the population of MPs migrates northward following the seasonal 
progression of the upper-level jet stream, which supports the observation by Johns (1982) 
that the distribution of NWF outbreaks follows the seasonal position of the polar jet. 
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Johns pointed out that NWF outbreaks usually begin in early afternoon around 100°W 
and end around midnight over the Ohio Valley.  To examine if MPs are characterized by a 
regular diurnal variation, the 3-hourly frequency of MPs is projected onto a 1° long. x 1° lat. 
grid mesh.  Subtracting each 3-hour cycle from the daily mean obtains the diurnal variation 
of MP frequency (∆NF).  Along 43°N near the high-frequency axis of MPs, the longitude-
time Hovmöller diagram of ∆NF (Figure 2.8a) reveals a distinct propagation pattern with 
positive ∆NF anomalies (hatched areas) moving steadily eastward.  MPs tend to initiate near 
the Rockies around 12Z, corresponding to the 12Z peak of MP frequency shown in Figure 
2.7c.  Also revealed in Figure 2.8a is the average life cycle of MPs which is about 48 hours 
during which MPs propagate from the Rockies to near the East Coast.  The time when the 
∆NF anomaly propagates through 100°W is between 18Z and 21Z, consistent with NWF 
outbreaks that usually begin in the same region around the same time (Johns 1982).  
Furthermore, the ∆NF anomaly passes through the Midwest (~95°W) between 06Z and 12Z.  
This time frame coincides not only with NWF outbreaks but with the well-known nighttime 
thunderstorm activity over this region (e.g., Wallace 1975; Tuttle and Davis 2006). 
The regular propagation pattern of MPs seems to be driven by a steady forcing 
embedded in the background circulation.  To examine if such a steady forcing exists, the 3-
hourly departure of the climatological 600mb vorticity from the daily mean (∆ζ) across 43°N 
is shown in Figure 2.8b.  A clear propagation pattern of ∆ζ showing large fluctuations over 
the eastern Rockies emerges.  By superimposing ∆ζ with ∆NF (Figure 2.8a), both anomalous 
patterns are coincident.  The ∆ζ with ∆NF anomalies propagate eastward together at an 
average speed of 15 ms-1.  At this speed, a perturbation would be situated around 90°W 
when a new cyclonic perturbation appears near the Rockies the next morning.  The pair of 
the new and old perturbations forms a wave train crossing the central-eastern continent.  
Much of this climatic propagating mode is unknown and currently being investigated.  
Nevertheless, it is evident that the diurnal frequency and the propagation property of MPs are 
greatly modulated by this mode. 
 
5.2 Kinematic structure of MPs 
 22
The dimension of MPs has important implications for understanding their structure, for 
it better delineates the dynamics governing these perturbations.  Because MPs tend to 
accompany large rainfall where the JA rainfall center is situated (i.e. Figures 2.2b and 2.6c), 
MPs occurring within a 15°x15° domain encircling the maximum JA rainfall (100°-85°W, 
35°-50°N; Figure 2.2b) are considered as being in their mature stage and analyzed.  The 
dimension of mature-stage MPs is determined by the zonal distance (or diameter) of positive 
vorticity at 600 mb.  Every 3-hr position of MPs in this domain is measured.  The 
occurrence frequency of MPs with respect to their dimension (Figure 2.9) shows an average 
of 700 km.  Such a dimension is only slightly larger than the average spacing of the 
conventional upper-air sounding network, making MPs difficult to detect in synoptic analysis. 
To summarize the general characteristics of MPs, a composite analysis based on these 
mature-stage MPs is performed.  The mean location of the selected MPs in the analysis 
domain (Figure 2.2b) appears to be near the border between Iowa and Nebraska.  As the 
instantaneous location and dimension of each MP are different, the matrix of analyzed 
variables is shifted to have each MP’s center position aligned with this mean location.  Such 
an approach prevents “smearing off” the structural features of MPs in the composite analysis.  
However, all composite variables in the geographical background should be regarded in a 
relative sense.  A total of 145 MPs (out of 151) are included by this procedure, and results 
are shown in Figure 2.10. 
Characteristics of the MP and its associated environmental flow are delineated by the 
composite 200mb streamlines superimposed with rainfall (P; Figure 2.10a), 600mb 
streamlines with hail and high wind frequencies (NHG; Figure 2.10b), and 900mb streamlines 
with CAPE and CIN (Figure 2.10c).  The background mid-level circulation associated with 
MPs is very similar to NWF outbreaks: large-scale ridge (trough) to the west (east) of the 
perturbation.  The MP is indicated by the trough line based on the 600mb flows, but no 
trace of the perturbation is seen at 200 mb as the flow is dominated by the monsoon 
anticyclone.  Composite P and NHG are consistently distributed east (ahead) of the MP 
trough.  The concurrent presence of P and NHG indicates severe weather, which reflects 
severe weather outbreaks under the NWF condition (Johns 1982).  The 95% confidence 
levels encircling the large values of P and NHG justify that convection is systematically 
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coupled with the propagating MP.  On the other hand, the dominant anticyclone provides 
little or no baroclinicity for the perturbation systems to grow into cyclones. 
In the lower troposphere (Figure 2.10c), large CAPE (i.e. over 1000 J/kg) in the 
environment of the MP is partly overlapped by large CIN at the southwest section.  This 
partial superposition of CAPE and CIN creates a region in which CAPE is not suppressed by 
CIN and, thus, favorable for the development of the MP-associated convective storms.  As 
inferred from Figures 2.10b and c, the convective area is also covered by strong 
northwesterly shear.  These low-level conditions confirm previous observations (Trier et al. 
2006; Tuttle and Davis 2006) that serial and long-lived summer convective storms tend to 
form over areas of enhanced CAPE with strong northwesterly shear.   
The vertical structure of MPs is profiled by the east-west and north-south sections of 
vorticity across the maximum precipitation in Figures 2.10d and e, respectively, 
superimposed with the divergent circulation.  The upper-level monsoon anticyclone, 
depicted by widespread negative vorticity, limits the upward extension of the perturbation to 
below 400 mb.  Regardless, the MP forms a well-organized divergent circulation featuring 
deep and strong upward motion ahead of the perturbation and clear downward motion behind 
it (Figure 2.10d).  Deep updrafts subsequently lead to the convection attached to the MP, 
and they are also necessary for derecho-producing MCSs (e.g. Coniglio and Stensrud 2001).  
Chen et al. (2008a) suggested that the mid-level vorticity advection induces low-level vortex 
stretching and, in turn, creates upward motion in response to mass continuity (i.e. 
pff ∂∂≡⋅∇− ωV ).  This process is important in triggering moist convection and 
subsequent processes within the convection, such as heating, that sustains the upward motion.  
Meanwhile, a local Hadley circulation associated with the MP is also apparent (Figure 2.10e).  
Comparing the meridional divergent wind with the 900mb flows (Figure 2.10c), there is little 
doubt that moisture transported from the Gulf of Mexico by LLJs would fuel the MP-induced 
updrafts into moist convection.   
 
5.3 Impact of MPs on the rainfall climatology 
In view of the coupling between MPs and convection, as well as the large contribution 
of summer convective rainfall to the northern plains (Changnon 2001), the impact of MPs on 
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rainfall climatology should be assessed.  Precipitation within a 10° long.x10° lat. domain 
centered at and following each 3-hr position of MPs, throughout their entire life cycle, is 
accumulated.  The subsequent precipitation amounts are defined as the "MP-related" rainfall 
(PM).  To explicitly distinguish rainfall from that produced by the perturbation is difficult, if 
not impossible.  Thus, PM serves as an approximation of how much rainfall that is 
associated with MPs.  The distribution of PM is shown in Figure 2.11a.  It is found that 
large PM is distributed over the Upper Midwest near the JA rainfall center.  The contribution 
of MPs to the seasonal rainfall (P0) is shown in Figure 2.11b in terms of the percentage 
between PM and P0.  It is found that MPs are responsible for up to 60% of the JA rainfall 
across the northern plains along their northwest-southeast oriented tracks.  Using the same 
procedure, contribution of the MP-related convective activity (NM; see Section 2c) to the 
seasonal-mean convective activity (N0) is displayed in Figure 2.11c.  MPs contribute to 
more than 60% of convective activity in the same region, confirming that the MP-related 
rainfall is primarily convective.  Large ratios of NM/N0 around Montana and South Dakota 
indicate that MP-induced convective storms develop most rapidly there but have yet 
produced heavy rainfall.   
Following ∆NF in Figure 2.8a, the diurnal variation of PM (∆PM; with its daily mean 
removed, to be comparable with ∆NF) also reveals a propagation pattern (Figure 2.12).  
Positive ∆PM begins in late afternoon and evening (around 00Z) over the eastern Rockies and 
reaches the maximum in the early morning (around 09Z) near Iowa.  These characteristics 
coincide with the propagating convective episodes in the rainfall corridors that usually begin 
near 105°W in late afternoon/evening and move across the Midwest during midnight and 
early morning (Carbone et al. 2002; Tuttle and Davis 2006).  Superimposing ∆NF (depicted 
here as thick solid lines connecting the 3-hourly ∆NF peaks in Figure 2.8a) and ∆PM shows 
that MPs initiated over the Rockies may interact with the terrain heating that induces 
afternoon convection (e.g. Tuttle and Davis 2006), and then couple with the precipitation 
while crossing the northern plains.  This observation echoes Trier et al. (2006) that the 
progressive convection development collocated with the short-wave perturbations undergoes 
noticeable diurnal fluctuation in the high plains.  The diurnally repeated occurrence of MPs 




5.4 Impact of the LLJ on MPs 
The importance of the Great Plains LLJ in developing nocturnal convection in the 
central United States has been well documented [see Stensrud (1996) for a review].  It is 
pointed out previously that LLJs seem to modulate the rainfall process of MPs (Figure 2.6).  
To confirm this, MPs selected for the composite analysis in Figure 2.10 are further 
categorized into two groups based on the intensity of LLJs during their occurrences.  The 
intensity of LLJs is divided into a strong group and a weak group based on the following 
criteria: 
• The instantaneous 900mb v-wind over the climatological maximum LLJ area (35°-40°N, 
122°-117°W) is averaged to form a time series for each JA season from 1997 to 2006; 
• The mean and standard deviation of this time series are calculated for each 3-hr cycle, i.e. 
each 00Z, 03Z…21Z cycle has its own seasonal mean and standard deviation in each year; 
• The threshold value for each cycle is defined as the mean plus one standard deviation; 
• For strong LLJs, the v-index during a MP event must be greater than the threshold value; 
• For weak LLJs, the v-index during a MP event must be smaller than the threshold value. 
One threshold value for each 3-hr cycle is used to minimize the pronounced diurnal signal of 
the LLJ.  Of the 145 MP cases, 35% belong to strong LLJs and the remaining 65% are 
classified as weak LLJs.  On average, 3.4 MPs occur during strong LLJs in July, which is 
close to the average number of NWF outbreaks in the same month (3.8; Johns 1982). 
Composite analyses of MPs categorized into these two LLJ groups are shown in Figure 
2.13. Despite the difference in the LLJ intensity (Figures 2.13c and f), the 600mb flows in 
both LLJ groups (Figures 2.13a and d) are fairly similar to each other.  However, rainfall 
produced in the strong LLJ group is more than three times larger than that in the weak 
one.  As shown by the vertical cross-sections, the divergent circulation coupled with MPs is 
enhanced in strong LLJs (Figure 2.13b) compared to weak LLJs (Fig.13e).  LLJs form 
convergence boundaries along their northern terminus (Tuttle and Davis 2006) and enhance 
low-level vortex stretching resulting in upward motion (Chen et al. 2008b).  As moisture is 
concentrated at the lower troposphere, intensified low-level convergence induced by strong 
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LLJs pools more moisture for the convection.  This effect leads to a much larger 
convergence of water vapor flux coupled with the MP in strong LLJs (Figure 2.13c) than 
weak LLJs (Figure 2.13f).  In summary, although the MP alone can induce convection, 
enhanced moisture supply during strong LLJs substantially amplifies the moist convection 
associated with MPs. 
Johns (1982, 1984) noted that NWF outbreaks often occur with a surface quasi-
stationary front and noticeable low-level southerlies to supply moisture.  These conditions 
depict a strong-LLJ environment.  It is possible that NWF outbreaks are more likely linked 
to MPs in the strong-LLJ environment.  To compare with Johns’ (1982) result (Figure 2.1a), 
hail and high wind frequencies associated with MPs (NM; following the procedure in Figure 
2.11) are categorized into the strong and weak LLJ groups.  Because Johns examined a 16-yr 
period, NM is also converted to a 16-yr accumulation for comparison.  As shown in Figure 
2.14a, both the distribution and magnitude of NM during strong LLJs coincide with those of 
NWF outbreaks (Figure 2.1a).  NM during weak LLJs (Figure 2.14b) decreases significantly 
with two weak centers remaining in the southeast and northwest sides of Iowa.  The strong 
resemblance of the convective activities between Figures 2.1a and 2.14a indicates that NWF 
outbreaks are very likely related to MPs in a strong-LLJ environment. 
The diurnal property of propagating rainfall is also influenced by the intensity variation 
of LLJs.  After categorizing ∆PM (following Figure 2.12) into the two LLJ groups, ∆PM in 
strong LLJs (Figure 2.15a) peaks between 06Z and 12Z over the Upper Midwest, while ∆PM 
in weak LLJs (Figure 2.15c) appears confined to west of 95°W and east of 85°W and peaks 
between 00Z and 06Z.  MPs during strong LLJs contribute to about 45% of the total rainfall 
in the northern plains (Figure 2.15b), while MPs during weak LLJs contribute more rainfall 
that that in strong LLJs near the eastern Rockies (Figure 2.15d).  It is clear that LLJs have a 
very strong influence on the northern plains rainfall; only 35% of MPs coupled with strong 
LLJs contribute to 75% (= 45% / 60 %) of the total MP-related rainfall. 
 
6. Influence of the mid-summer circulation on MPs 
Trier et al. (2006) suggested that the southern edge of the mid-level jet stream, where 
strong geopotential height gradients and broad north-south baroclinicity exist, forms a 
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favorable environment for the northwest-southeast oriented precipitation corridor.  Chen et 
al. (2008a) proposed that the mid-level flow moving across the northern flank of the Rocky 
Mountains becomes unstable and conducive to wave generation.  For other types of 
mesoscale perturbations with a geographical preference, the ambient flow often plays an 
important role.  For instance, the southern flank of the midtropospheric African easterly jet 
creates a narrow path for African easterly waves (Burpee 1972).  Thus, it is hypothesized 
that the ambient flow also plays an important in the concentrated population of MPs along 
the NWF (Figure 2.1b).   
Due to the presence of horizontal shear, the flanks of a westerly jet are often 
characterized by barotropic instability (Holton 2004).  The simplest form of barotropic 
instability in a zonal flow is the meridional gradient of the flow speed, y
u ∂∂ .  As shown in 
Figure 2.16a, the 600mb westerly jet over the United States-Canada border creates an 
elongated belt of positive y
u ∂∂  along its southern flank, with higher values over where 
MPs initiate.  Another indication of unstable flow is the Charney-Stern barotropic-
baroclinic instability (Charney and Stern 1962), determined by a change of sign in the 
meridional gradient of potential vorticity ( y
q ∂∂ ).  In West Africa, such instability in 
conjunction with strong low-level thermal gradients over the Sahara desert creates an 
environment conducive to African easterly waves (Burpee 1972; Thorncroft and Hoskins 
1994 a, b; Chen 2006).  Figure 2.16b shows that areas with noticeable variation and sign 
changes of y
q∂∂  are distributed in the westerly flow regime over the Rockies in which the 
MP geneses occur.  These results strengthen the possibility that the summer 
midtropospheric flow across the Rockies is characterized by a combination of barotropic and 
baroclinic instabilities conducive to wave disturbances. 
As mentioned earlier, low-level instabilities along convergence boundaries are 
important factors leading to progressive MCSs.  A convenient way to depict such 
boundaries is fronts.  By projecting every 1°-interval position of surface fronts on the daily 
NCEP operational weather maps (regardless of types) from 2001 to 2006 onto a 2°-long. x 
2°-lat. grid mesh, a gridded surface frontal frequency is constructed (Figure 2.16c).  It 
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shows that, during JA, the frontal frequency is divided by the polar jet (thick arrow) into a 
high frequency zone to the jet’s south and a weak frequency zone to its north.  The frontal 
frequency also coincides with the barotropic instability in the two sides of the westerly jet.  
The MP population is distributed in coincidence with the major frontal band south of the 
polar jet.  In the meantime, northwesterly shear between middle and lower levels (Figure 
2.16d) covers the entire northern plains during JA.  Because northwesterly shear is 
important to MCSs (e.g., Johns and Hirt 1987; Tuttle and Davis 2006), convective storms 
associated with MPs propagating into this area can be sustained. 
How MPs initiate and what causes their diurnal property (i.e. Figure 2.7c) remain 
unclear.  As the altitude of the Rocky Mountains reaches up to 650 mb, the planetary 
boundary layer over high terrain extends well into the midtroposphere (Jiang et al. 2007).  
The stability in the midtroposphere, therefore, would be greatly affected in response to the 
diurnal boundary-layer evolution.  The concentration of MP geneses over the Rockies may 
be a consequence of such an interaction.  This hypothesis is being tested and will be 
reported in the near future. 
 
7. Concluding remarks 
Although the mid-summer background circulation in the central United States is 
climatologically unfavorable for rainfall due to a lack of large-scale baroclinic forcing, it 
does not halt the activity of long-lived, progressive MCSs over the northern plains.  This 
type of storm activity is best described by NWF severe outbreaks documented by Johns 
(1982).  Previous studies have noted that such MCSs are sometimes coupled with short wave 
perturbations in the midtroposphere.  These perturbations may serve as the forcing 
mechanism for progressive MCSs under a weakly-forced circulation environment.  Using 
the NARR dataset, NCEP Stage II precipitation, and SPC storm reports for the decade of 
1997-2006, this study traces MPs and explores their general characteristics.  The 
climatological impact of MPs on the northern plains rainfall and convective activity are 
studied. 
MPs, which have an average dimension of 700 km, are distinct from MCVs spawned 
by MCSs.  MPs are initiated in the westerly-flow regime over the Rockies and move 
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eastward or southeastward along the midtropospheric NWF across the northern plains.  
Their vertical development is restricted by the monsoon anticyclone to below 400 mb, though 
deep convection is often sustained by these perturbations.  Their downstream propagation 
forms the progressive nature of the associated convective systems.  The frequency of MPs 
peaks in July and August, but is relatively low in May and June due to the predominant “cold 
season” flow regime prior to the North American monsoon onset.  The propagation, 
frequency, and rainfall pattern associated with MPs are found to be very similar to those of 
NWF outbreaks. 
When encountering strong LLJs, updrafts and convection associated with MPs are 
considerably enhanced.  Due to the systematic paths of MPs, this coupling creates a rainbelt 
that contributes a significant amount of rainfall to the agriculturally-important Upper 
Midwest.  Up to 60% of convective activity and rainfall over this region are linked to MPs, 
a great majority of which occurs during strong LLJs.  In the mid-summer atmospheric 
environment lacking large-scale baroclinic forcing, MPs coupling with LLJs function as a 
smaller-scale forcing mechanism for organized convective storms.  A proper handling of 
MPs, which appear more clearly at 600 mb than the conventional 500 mb analysis, should 
assist in a better forecast of summer precipitation. 
The climatology of MPs presented in this study does not necessarily apply to 
progressive derechos, although similar characteristics between derecho outbreaks and NWF 
outbreaks (Johns and Hirt 1987) suggest a connection.  Exploring the influence of MPs on 
derechos requires either strict derecho criteria for observational studies (e.g., Bentley and 
Mote 1998, Ashley et al. 2005) or numerical simulations for mesoscale details (e.g., Coniglio 
and Stensrud 2001). 
Part of the difficulty in simulating warm season rainfall has been attributed to the 
limitation of current forecast models in simulating the diurnal propagation of rainfall (Davis 
et al. 2003).  In view of the close relationship between MPs and the propagating rainfall, it 
seems important for model evaluations to take MPs into account. 
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The July-August frequencies (NF) of (a) NWF outbreaks 
from 1962 to 1977 on a 2°x2° grid mesh [after Johns 
(1982)] and (b) 3-hour positions of midtropospheric 
perturbations (MPs) during July and August of 1997-
2006 superimposed with the 600mb streamlines.  
Terrain is displayed by dotted areas in (a) and shadings 
in (b). 




Streamlines of the climatological wind field at 200 mb 
superimposed with rainfall (P; shadings) during (a) May-
June and (b) July-August.  The low-level jet is depicted by 
a thick arrow line following the jet core of 900mb v-wind 
within the 2 ms-1 isotach.  The July-August precipitation 
area in the central United States is surrounded by a dotted 










The national composite WSR-88D base reflectivity 
(dBZ) of selective hours depicting the evolutions of (a) 
Storm 1 on 20 July, (b) Storm 2 on 21 July, and (c) 
Storm 3 on 22 July 2005.  The time (GMT) of each 




Streamlines at (a) 200, (b) 600, and (c) 900 mb superimposed 
with Stage-II precipitation on 09Z 7/21/2005. The three 
storms shown in Fig. 3 are numbered in (a) and (b).  Surface 
fronts in (c) are adopted from the NCEP operational 
(DIFAX) weather map.  The storm path is depicted by a 













Figure 2.5 Longitude-height cross-sections of vorticity (ζ; shadings) on 09Z 7/21/05 along the 
storm path outlined in Figure 2.4b, superimposed with (a) eddy geopotential height 
(ZE) and (b) divergent circulation (uD, -ω).  (c) Surface wind vectors and pressure 
(contours) analyzed from the Iowa Environmental Mesonet (Todey 2002) 
superimposed with radar reflectivity (shadings).  Numbers given in (a) and (b) 
correspond to the three storms shown in Figure 2.3.  Terrain is depicted by black 





diagrams of (a) 600mb 
meridional wind (v), (b) 
600mb vertical velocity (ω), 
(c) Stage-II precipitation (P), 
(d) 900mb v-wind, and (e) 
divergence of water vapor 
flux (∇·Q) along the storm 
path shown in Figure 2.4b, 
except for (d) which is across 
41°N.  The trajectory of 
each MP is indicated by thick 
dotted line with 
corresponding case numbers.  
Genesis locations of these 
perturbations are marked by 
triangles.  Blank areas in (d) 
and (e) indicate terrain. 
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Figure 2.7 (a) Calendar of MP cases showing 
duration (thick bar) and genesis (thin 
stick) during May-September from 1997 
to 2006, and histograms of (b) monthly 





Figure 2.8 Hovmöller diagrams of (a) departure of 3-hourly MP frequency projected onto a 
1°x1° grid mesh from the daily mean (∆NF) along 43°N and (b) departure of the 
July-August vorticity at 600 mb from the daily mean (∆ζ).  Positive ∆NF areas in 
(a) are hatched, while positive ∆ζ is superimposed in the background.  The scale 
of ∆NF is given every 6-hr at the right of (a).  The 24-hr cycle is repeated for a 





Dimension of MP (km) 
Figure 2.9 Occurrence frequency of MPs (NMP) relative to their 
dimension (in km; x-axis) determined by the zonal 
distance of positive vorticity centered at each MP.  
MPs appearing within the domain outlined in Figure 





Composite MP in terms of streamlines at (a) 
200 mb with precipitation (P), (b) 600 mb 
with hail and gusty wind frequencies (NHG), 
and (c) 900 mb with CAPE (shadings) and 
CIN (contours).  The 95% confidence 
levels for P and NHG are depicted by a single 
white contour in (a) and (b), respectively.  
The trough line of MP is marked by thick 
dashed lines based on the 600mb 
streamlines.  (d) and (e) are east-west and 
north-south cross-sections of vorticity (ζ; 
shadings) and divergent circulation across 
the maximum P (94°W), respectively.  






(a) MP-related precipitation (PM), (b) the 
contribution of PM to the JA rainfall (P0) in terms of 
their ratio (PM/P0; percent), and (c) contribution of 
MP-related convective activity (NM), constructed 





Figure 2.12 Hovmöller diagram of the departure of MP-
related rainfall from the daily mean (∆PM) 
along 43°N.  The maximum MP frequency 
anomaly (∆NF; Figure 2.8a) is lined up and 
indicated by thick solid lines.  The 24-hr 





Figure 2.13 (a)-(c) Same as Figures 2.10b, d, and c for strong LLJs, except divergence of 
water vapor flux (∇·Q; shadings) is superimposed and the 900mb winds are 
illustrated by vectors in (c).  Vectors with wind speed smaller than 2 ms-1 are 
omitted.  (d)-(f) are same as (a)-(c), except for during weak LLJs.  Note that the 





CI: 4 (2°x2°)-1 CI: 4 (2°x2°)-1 
Figure 2.14 MP-related convective activity in terms of hail and gusty wind frequencies (NM), 
scaled to a 16-yr accumulation to be comparable with Figure 2.1a, during (a) 
strong LLJs and (b) weak LLJs. Terrain is depicted by dotted areas. 







Figure 2.15 (a) and (b) are same as Figures 2.12 and 2.11b, respectively, except for strong 





Mean 600mb streamlines in JA superimposed with (a) meridional gradient of zonal 
wind (∂u/∂y) and the MP frequency (NF; small dots) and (b) meridional gradient of 
potential vorticity (∂q/∂y) and the MP geneses (NFG; solid squares), (c) Surface 
frontal frequency of 2001-2006, and (d) low-level (600-900mb) vertical wind 
shear.  In (a) only ∂u/∂y in the westerly flow regime is shown. Terrain is depicted 
by dotted areas in (c) and (d).  A thick arrow line in (c) indicates the JA position 
of the polar jet stream (at 200 mb). 
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CHAPTER 3.  EVALUATIONS OF NAM FORECASTS ON SUMMER 
MIDTROPOSPHERIC PERTURBATIONS OVER THE U.S. 
NORTHERN PLAINS 
 
A paper to be submitted to Weather and Forecasting 
Shih-Yu Wang and Tsing-Chang Chen 
 
Abstract 
Summer progressive convective storms in the United States northern plains are 
sometimes coupled with short wave perturbations embedded in the midtropospheric flow.  
These midtropospheric perturbations (MPs) initiate over the Rockies Mountains and 
propagate downstream along the prevailing northwesterly background flow, particularly after 
the onset of the North American monsoon.  MPs have been found capable of inducing 
propagating convection that contributes to a majority of summer convective activity over the 
northern plains.  Therefore, it is a possibility that poor forecasts of MPs are a contributing 
factor to the well known difficulties in forecasting summer convective rainfall over the 
central United States.  To test this hypothesis, this study examines operational forecasts of 
MPs by the North American Mesoscale (NAM) model during the summers of 2005 and 2006. 
Forecasted MPs are found to have slower propagation speeds than those observed 
leading to systematic position errors.  In addition, the forecasted perturbation vorticity of 
MPs is usually weaker than the observed.  While the environmental wind speed is generally 
well simulated, the underpredicted vorticity magnitude causes weaker than observed 
forecasts of horizontal vorticity advection, and thereby vorticity tendency that is not strong 
enough to advect the perturbation downstream at the proper speed.  Because the mean 
midtropospheric anticyclone over the western United States during summer is too strongly 
simulated by the NAM, perturbation vorticity embedded in the anticyclone may be 
suppressed.  The combination of these factors very likely slows the propagation of MPs in 
the NAM forecasts. 
Skill scores of the precipitation forecasts associated with MPs are generally low, but 
can be considerably improved after their position error that displaces the rainfall pattern is 
corrected.  In addition, precipitation amounts associated with MPs are systematically 
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underpredicted.  Using a modified water vapor budget analysis, it is shown that the NAM 
insufficiently generates atmospheric humidity over the central United States.  The shortage 
of moisture causes a deficit of water vapor convergence which is part of the precipitation 
process.  Future numerical studies to improve the NAM simulations of humidity are urged. 
 
1. Introduction 
Progressive mesoscale convective systems (MCSs) that travel a long distance across 
the United States northern plains are common in mid-summer (Johns and Hirt 1987; Bentley 
and Motes 1998).  Such MCSs usually propagate southeastward underneath mid-level 
northwesterly flow (Johns 1982; Johns and Hirt 1987), a behavior different from the common 
northeastward-moving MCSs in late-spring (Johns 1993).  Progressive MCSs sometimes 
coexist with short wave perturbations embedded in the midtropospheric flow.  Analyzing a 
long-lived MCS which caused severe floods in Pennsylvania in July 1977, Bosart and 
Sanders (1981) found that the MCS initiated in South Dakota was trailed by a well-organized 
cyclonic perturbation at mid-levels.  Trier et al. (2006) simulated a series of MCSs over the 
northern plains in July 2003 and noted that each of the MCSs was associated with a short 
wave perturbation at 500 mb.  Chen et al. (2008), while analyzing a derecho-producing MCS 
in Iowa in September 2005, suggested that the rapid-moving MCS was induced by a mid-
level short wave embedded in the northwesterly flow. 
Examining the climatological significance of such midtropospheric perturbations (MPs) 
during the warm seasons of 1997-2006, Wang and Chen (2008) found that MPs are recurrent 
circulation features related to about 60% of summer rainfall over the Upper Midwest.  
These short waves, having an average dimension of 700 km, are not mesoscale convective 
vortices spawned by MCSs.  Instead, MPs feature a regular lifecycle from their initiation 
over their Rocky Mountains to the demise near the Ohio Valley or further east.  Upward 
motion formed ahead of MPs induces convection, while their downstream (east-
southeastward) propagation creates the progressive property of the resulting convection.  
Wang and Chen (2008) pointed out that MPs are likely the cause of northwest flow severe 
weather outbreaks (Johns 1982) which occur under the “warm season pattern” of background 
circulation showing mid-level northwesterlies east of a large-scale ridge (Johns 1993).  
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These previous findings suggest that MPs are an important forcing mechanism for summer 
progressive MCSs, and that such a forcing may have been overlooked in MCS forecasting. 
Large-scale forcing has been known as a crucial factor for MCS forecasting.  Strong 
baroclinicity of the environmental flow, often in the forms of apparent vorticity advection 
and surface frontogenesis, assists in a better prediction of MCS rainfall (Jankov and Gallus 
2004).  However, these conditions are common in the “dynamic pattern” which features a 
migrating synoptic wave west of the storm area (e.g., Uccellini and Johnson 1979; Johns 
1993; Hilgendorf and Johnson 1998).  The warm season pattern in which progressive MCSs 
occur features weak or no forcing mechanisms typical of the dynamic pattern (Johns 1993; 
Stensrud and Fritsch 1994; Coniglio et al. 2004), leading to poor forecasts of MCS rainfall 
(Olson et al. 1995; Jankov and Gallus 2004; Liu et al. 2006).  Because MPs are related to a 
large population of progressive MCSs under the weak synoptic environment (Wang and 
Chen 2008), those poor rainfall forecasts imply that MPs may not be handled properly in 
current forecast models. 
Accurate forecasts of MCS rainfall require good predictions of the occurrence, timing, 
and position of the systems and rainfall amounts (Jankov and Gallus 2004).  All of these 
elements are particularly crucial in simulating summer precipitation over the central United 
States due to its distinct propagation and diurnal properties in association with long-lived 
convective episodes (Carbone et al. 2002; Davis et al. 2003; Tuttle and Davis 2006).  
Unfortunately, progressive precipitation patterns are quite difficult to simulate.  Operational 
regional forecast models with coarse grid spacings have been found incapable of replicating 
the coherent propagating rainfall pattern observed in the Midwest (Davis et al. 2003; Clark et 
al. 2007). 
Approaches for improving summer quantitative precipitation forecasts (QPF) include 
improving cumulus parameterization schemes (CPSs) and reducing grid spacings [see 
Stensrud (2007) for a review].  While problems with CPSs have been found to hurt 
simulations of the propagating characteristics of precipitation (Davis et al. 2003; Liu et al. 
2006), finer grid spacings without employing CPSs were found to work better (Clark et al. 
2007).  QPF is also influenced by how accurately the rain-producing weather systems are 
predicted.  For example, the intensity and position of simulated midlatitude winter cyclones 
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(Grumm and Siebers 1990; Du et al. 1997), tropical cyclones (Peng and Chang 1996; 
Marchok et al. 2007), or African easterly waves (Céron and Guérémy 1999) are essential to 
accurate QPF.  Examining numerical forecasts of MPs is important so that additional 
contributions to QPF errors for progressive MCSs can be identified. 
The purpose of this study is to evaluate the forecasts of MPs and their associated 
rainfall in NCEP’s operational North American Mesoscale (NAM) model.  Evaluation of 
operational data is necessary because these routine model outputs affect the largest 
population of a variety of users.  Wang and Chen (2008) showed that MPs are most frequent 
and particularly important to rainfall during July and August, thus, the evaluation focuses on 
these two months.  A diagnostic approach is adopted in this study, rather than performing 
numerical experiments.  Data and the selection procedure of MPs are introduced in Section 2.  
A few example cases of MPs, together with their forecasts by the NAM, are displayed in 
Section 3.  Systematic errors of MP forecasts are diagnosed and presented in Section 4, and 
the diagnostic schemes for revealing model errors, as well as suggestions for improvement, 
are also discussed in this section.  Summary and remarks are offered in Section 5. 
 
2. Data and methods 
a. Data sources 
This study uses the North American Regional Reanalysis (NARR) for observational 
atmospheric data and the NCEP multi-sensor national precipitation analysis (Stage-IV).  
Brief introductions of the NARR and the Stage-IV datasets are given in Sections 2a and 2b of 
Chapter 2, respectively.  Note that the spatial resolution of Stage-IV data is also reduced to 
32 km to be comparable with the NARR and the NAM using procedures utilized at NCEP 
that conserve the total amount of liquid in the domain (Clark et al. 2007).    
The NAM, formerly known as Eta, has 12-km grid-spacing with 45 vertical layers and 
is run four times daily with 3-hourly output.  In June 2006, the WRF-NMM (Non-
hydrostatic Mesoscale Model of the Weather Research and Forecasting System; Bernardet et 
al. 2005) replaced the Eta to become the official NAM.  Therefore, the 2005 and 2006 
periods of this study involve two forecast models, which are designated hereafter as NAM05 
(for the Eta) and NAM06 (for the WRF-NMM), respectively.  The grid spacing of NAM is 
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reduced to 32 km to be comparable to the NARR using bilinear interpolation.  The NAM 
outputs are provided by the National Climatic Data Center from their website at 
http://nomads.ncdc.noaa.gov/. 
 
b. MP selection criteria 
Using the procedures outlined in Section 4.2 of Chapter 2, MPs during July-August of 
2005-2006 are identified and their 3-hourly population is displayed in Figure 3.1a.  In this 
particular season, MPs form a high-frequency belt extending from the northwest Rocky 
Mountains to the Ohio Valley parallel to the mid-level northwesterly flow.  The date and 
duration of the MP occurrences are displayed in Figure 3.1b.  The maximum duration of 
MPs is about 60 hours.  There are 15 MP cases for 2005 and 20 for 2006, all of which are 
identical to those recorded in Wang and Chen (2008).  The same tracking procedure is 
applied to MPs in the NAM forecasts. 
 
c. Skill scores for precipitation forecasts 
While there are various ways to evaluate precipitation forecasts, equitable threat scores 
(ETSs) developed by Schaefer (1990) and biases have been under extensive uses for such a 













Fbias = . 
These expressions indicate the number of grid points at which 1) rainfall was correctly 
forecasted to exceed the specified rainfall threshold (CFA), 2) rainfall was forecasted to 
exceed the threshold (F), 3) rainfall was observed exceeding the threshold (O), and 4) a 
correct forecast would occur by chance (CHA), where V is the total number of evaluated grid 
points.  ETSs range from -1/3 to 1 in which scores below 0 have no skill and 1 represents a 
perfect score.  Bias values range from 0 to infinity.  Bias values higher (lower) than 1 
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indicate that the model overpredicted (underpredicted) areal coverage of rainfall. 
 
3. Individual cases and the forecasts 
An example event involving three consecutive MPs associated with three progressive 
MCSs which occurred on 20-22 July, 2005 is examined.  The synoptic conditions during 
this event at 09Z 7/21/05 are shown in Figure 3.2a in terms of the 300, 600, and 900mb 
streamlines superimposed with the Stage-IV rainfall.  A series of short wave troughs 
depicting the MPs appear at 600 mb and are marked by dashed lines with the corresponding 
case number.  Convective storms accompanying the first and second MPs were propagating 
southeastward along the mid-level northwesterly flow.  The third storm was initiating over 
the northwest Rocky Mountains near the number three trough.  The 300mb flow shows a 
well-organized anticyclone featuring smooth and anticyclonic curvatures where the 
perturbations/storms are situated.  At low levels, the 900mb streamlines outline a 
convergence boundary across these convective storms.  Except for the 600mb short wave 
perturbations, the environmental circulation is consistent with the flow pattern prone to 
progressive derechos (Johns and Hirt 1987). 
A snapshot of the NAM forecast on this particular day at forecast hour 21 of NAM05 
(initialized on 12Z 7/20) is displayed in Figure 3.2b.  Overall, the background flows at the 
three different levels are consistent with the observed.  The 600mb streamlines also depict 
the perturbations (marked by solid lines) near the forecasted rainfall areas, but MPs 1 and 2 
appear to lag behind the observed ones.  The forecasted precipitation also reveals a pattern 
very different from the Stage-IV including the shifted storm rainfall associated with the MPs 
and the false rainband across Iowa, while rainfall amounts over the storm area are 
undersimulated.  Another example MP case on 5 August 2006 is shown in Figure 3.3a.  
The performance of NAM06 on this MP event (Figure 3.3b) reveals similar deficiencies as 
NAM05 in Figure 3.2b: westward displacement of the MP position associated with displaced 
and underpredicted rainfall. 
The evolution of the MP series in July 2005 is portrayed by the Hovmöller diagram of 
the observed 600mb vorticity in Figure 3.4a, accompanied by three NAM05 forecasts 
initialized on 12Z 7/19, 06Z 7/20, and 00Z 7/21 in Figures 3.4b-c, respectively.  NAM05 
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depicts MP 1 relatively well (Figure 3.4b), regardless of many smaller-scale differences.  
However, the forecasted vorticity fields of MPs 2 and 3 are too disorganized to be considered 
valid predictions.  The forecast of MP 2 is improved when the model is initialized near the 
MP genesis time (Figure 3.4c), although the MP’s life cycle appears too short.  Even when 
initialized “in progress” (Figure 3.4d), the life cycle and structure of forecasted MP 2 remains 
too short and distorted.  The increasing deviations between the forecasted vorticity and the 
observed MP tracks (thick dotted lines) in Figures 3.4b-c indicate that the propagation speed 
of forecasted MPs is systematically slower than the observed.  Such a speed bias is reflected 
in the forecasted precipitation (Figures 3.5a and d), as well.  The precipitation patterns in 
the first two runs (Figures 3.5b and c) are poorly forecasted, particularly near 90°W where 
two rainbands are severely distorted.  The analysis for the August 2006 case (not shown) 
reveals similar deficiencies regarding the propagation and precipitation pattern of the 
forecasted MP.  These results highlight two systematic biases in the NAM performance on 
MP forecasting: 1) propagation speed and 2) precipitation pattern and amounts.  Identifying 
the causes of these two biases will be the objective of the following analyses. 
 
4. Diagnostic analyses on the NAM forecasts 
The NAM performs well in capturing the geneses of all 25 MPs at forecast hour zero.  
Therefore, forecasted MPs are defined as those initialized at the genesis time of each 
perturbation1.  This approach sets the beginning of each MP at hour zero, so the evolutions 
of observed and forecasted MPs can be synchronized and presented in terms of forecast hour.  
 
4.1 Propagation errors of MPs 
The position error of forecasted MPs is obtained by calculating the instantaneous 
longitudinal and latitudinal location differences between forecasted and observed MPs at 
each 6-hour cycle.  The mean longitudinal (latitudinal) position errors during the life cycle 
of MPs are shown in Figure 3.6a (6b) superimposed with error bars.  The genesis locations 
of MPs are handled relatively well by the NAM’s initial analysis, especially by NAM05, as 
                                                 
1 MP geneses occurring at 03, 09, 15, and 21Z are categorized into forecasts initialized at 06, 12, 18, and 00Z, 
respectively. 
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indicated by small differences at the zero hour.  These small differences may simply exist 
because that NAM05 and the NARR are basically the Eta model (see Section 2a).  
Nonetheless, the increasing distance between forecasted and observed MPs in Figure 3.6a 
indicates that forecasted MPs continually lag behind the observed ones.  NAM06 exhibits 
similarly systematic, but less severe, position errors after hour 24.  A southward-deviation of 
MPs in NAM05 becomes more pronounced during hours 24-36 but appears to be over-
corrected at hour 48 (Figure 3.6b).  NAM06 also reduces this meridional position error.  
The speed error (Figure 3.6c) reflects the zonal position errors and shows that the 
propagation of forecasted MPs is systematically too slow relative to the observed. 
In the dynamical perspective, the propagation of a cyclonic circulation is governed by 
the vorticity tendency ( tζ ) through various processes in the vorticity budget equation, which 




∂= )()( ζβζζζ ,      (1) 
using conventional symbols (Holton 2004).  Because vortex stretching [ Vf ⋅∇+− )( ζ ] is 
generally weak in the midtroposphere, vorticity tendency is mainly determined by horizontal 
vorticity advections ( βζ vV −∇⋅− ).  Chen et al. (2008) pointed out that relative vorticity 
advection ( ζ∇⋅−V ) is the dominant process advecting the perturbation downstream, while 
planetary vorticity advection ( βv− ) is unimportant because of the small dimension of MPs 
and resulting small change in β.  Therefore, in the midtroposphere Eq.(1) for MPs can be 
approximated as 
 ζζ ∇⋅−≈ Vt .          (2) 
This approximation will be validated later in Figure 3.9. 
Ambient flow and the magnitude of vorticity compose ζ∇⋅−V , so these two 
variables associated with MPs are compared.  It is shown in Figure 3.6a that NAM05 and 
NAM06 exhibit similar longitudinal position errors of MPs near forecast hour 24.  Thus, 
during hours 18-30 the 600mb wind speeds of the NAM and the NARR averaged over a 
4°x4° domain centered at each MP are shown as a scatter diagram in Figure 3.7.  There is 
only a minor bias toward large wind speeds indicating a slightly underpredicted 
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environmental flow.  The impact of ambient flow on the bias of vorticity advection does not 
seem to be important. 
Applying the procedure used in Figure 3.7 to each 6-hr position of MPs throughout 
their life cycle as in Figure 3.6, the 600mb vorticity evolutions of simulated and observed 
MPs in 2005 (Figure 3.8a) and 2006 (Figure 3.8c) are obtained.  A rapid growth of the 
perturbation vorticity occurs during hours 18 to 24, a timeframe when MPs usually move into 
the Upper Midwest (Wang and Chen 2008).  The intensity of vorticity in NAM05 is usually 
undersimulated (Figure 3.8b).  Such a bias remains in NAM06 but is reduced by a half 
(Figure 3.8d).  Comparing Figures 3.7 and 3.8, it appears that the speed bias of MPs is 
related more to the undersimulated perturbation vorticity than to the ambient flow speed. 
 These observations are examined through a reconstruction of the propagation speed of 





tLc ⋅∆≡ ,          (3) 
where ∆L is the distance a perturbation travels during the time interval used for calculating 




)( ∇⋅−⋅∆≈ VLc          (4) 
through the following approach: ζ  and ζ∇⋅−V  are averaged over a 2°x2° domain 
covering the maximum tζ  [which is usually located immediately east of the MP trough 
(Chen et al. 2008)], and ∆L is determined by the distance between the previous 3-hr and the 
next 3-hr positions of the MP.  Such an approach has been applied to estimate the 
propagation speed of simulated tropical cyclones (e.g., Carr and Elsberry 1995).  Because 
the speed and vorticity biases of forecasted MPs are larger in 2005 than 2006, only the results 
of NAM05 are presented. 
Shown in Figure 3.9a is the scatter diagram of the 6-hourly ζc values derived from 
the NARR versus the actual speeds of MPs during hours 18-30.  In spite of the deviations 
between estimated and actual speeds, the concentration of ζc  values near the center line 
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(with a correlation coefficient of 0.86) shows that cζ  provides a good approximation for the 
propagation speed of MPs.  Note that the mean speed of cζ (~18 ms-1) is near that of 
propagating rainfall episodes (Carbone et al. 2002; Davis et al. 2003; Trier et al. 2006) and 
progressive derechos (Johns and Hirt 1987).  Plotting ζc derived from the NARR versus 
those from NAM05 (Figure 3.9b) shows that the ζc  population shifts toward the NARR.  
This shifting is a response to the weak vorticity and indicates that forecasted ζc  is 
systematically too slow. 
The structural difference between forecasted and observed MPs is examined to further 
understand the cause of these biases.  A composite analysis for MPs used in Wang and Chen 
(2008) is adopted here.  Because the instantaneous location of each MP is different from 
another, realignment is needed in the composite analysis.  Examining 3-hourly locations of 
all MPs during the 18-24 forecast hours, the mean position of these perturbations appears to 
be near the border between Iowa and Nebraska.  Each MP, together with all dimensions of 
analyzed data, is shifted to align with this mean position for the composite.  Note that, under 
this approach, all composite variables presented on the map background should be regarded 
in a relative sense. 
Composite 600mb streamlines of the NARR and NAM05 are shown in Figures 3.10a 
and d, respectively, superimposed with relative vorticity advection.  The intensity of the 
forecasted MP and its accompanied relative vorticity advection are apparently weaker than 
the observed.  To confirm that the background flow is not crucial to determine relative 
vorticity advection in this case, the MP and the environmental circulation need to be isolated.  
The Fourier wave decomposition is a proper approach for this analysis.  The perturbation is 
extracted using the short wave regime of zonal wavenumbers larger than and equal to 10 
(globally) based on the average dimension of MPs [~700 km; Wang and Chen (2008)].  The 
perturbations are filtered in terms of the short wave regime streamlines and vorticity.  Again, 
the forecasted perturbation wave train and vorticity (Figure 3.10b) are apparently less 
organized and weaker than the observed (Figure 3.10e).  Flows in the long wave regime 
(zonal wavenumbers 0-9; Figures 3.10c and f) do not show noticeable differences between 
NAM05 and the NARR, which corresponds to Figure 3.7 in which the forecasted 
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environmental wind speed does not exhibit a strong bias. 
After the wave filtering, a diagnostically “improved” MP flow pattern can be 
reconstructed by combining the observed short wave perturbation (Figure 3.10e) with the 








NAM VVV ζζζ +∇⋅+−=⋅∇− , 
where ( )S and ( )L denote short wave and long wave regimes, respectively.  Results are 
shown in Figure 3.10g.  The reconstructed MP structure is very similar to the observations 
(Figure 3.10d) and ** ζ⋅∇−V  is visually identical to the observed ζ∇⋅−V .  The values 
of reconstructed cζ* (Figure 3.9c) now become very close to the observed propagation speed.  
Repeated tests on NAM06 yield weaker but consistent biases with NAM05 (not shown).  
These results point out that the systematically undersimulated perturbation vorticity in the 
NAM is a key factor contributing to the low-speed bias of forecasted MPs. 
After examining the circulation differences of MP composites between NAM05 and the 
NARR in terms of 600mb streamlines and streamfunction (Figure 3.11a), it is found that 
positive streamfunction anomalies cover the entire western and northern United States   The 
large area of anticyclonic anomalies means that the mid-level anticyclone simulated by 
NAM05 is too strong, while the eastern-seaboard trough is too weak.  The anticyclonic flow 
extends to lower levels (Figure 3.11b).  The MP (indicated by a thick dashed line) is 
embedded in a 600mb anticyclonic circulation reflecting the undersimulated perturbation 
vorticity.  Because the vertical development of MPs is suppressed by the upper-level 
monsoonal anticyclone (Wang and Chen 2008), it is feasible that the overly simulated mid-
level anticyclone can reduce the strength of cyclonic vorticity of MPs, as well.  The 
northerly anomalous flow over the Great Plains (Figure 3.11b) indicates that the low-level jet 
is also suppressed.  Wang and Chen (2008) pointed out that MPs have stronger low-level 
vorticity during strong low-level jets.  Therefore, the weakened low-level jet in NAM05 may 
also weaken the vorticity of forecasted MPs. 
 
4.2 Precipitation errors of MPs 
Conventionally, ETSs are computed within a fixed domain.  Because MPs are 
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propagating systems with a relatively small dimension, it is improper to use a large, fixed 
domain which may include rainfall generated by irrelevant systems (McBride and Ebert 
2000).  Thus, a system-following verification approach is a more effective way to evaluate 
QPF associated with MPs.  A modified ETS is designed for this purpose: scores are 
calculated within a 15°x15° domain centered at each observed MPs for every 6-hr interval.  
Because each ETS domain at a given time is different from another, this procedure leads to 
“mobile” ETSs and bias scores.  The setting of rainfall thresholds for ETSs and bias scores 
follows that used in the previous studies (e.g., Jankov and Gallus 2004; Clark et al. 2007). 
Average ETSs and biases calculated from the above procedure at every 6 hour period 
(not shown) exhibit the highest scores at forecast hour 12 during both 2005 (Figure 3.12a) 
and 2006 (Figure 3.12b).  Forecast hour 12 is generally when the mesoscale portion of the 
kinetic energy spectrum reaches a fully developed state (Skamarock 2004) and that the model 
has accomplished the spinup of microphysical variables (Clark et al. 2007).  However, the 
highest ETS of only 0.23 at the smallest thresholds with biases under 1.5 indicates poor 
forecasts of MP-associated rainfall by the NAM.  Smaller ETSs with larger biases at higher 
thresholds further indicate that areal rainfall coverage is over-simulated and that precipitation 
area with large amounts is displaced.   
To examine the precipitation amounts, forecasted and observed rainfall averaged within 
each mobile-ETS domain and filtered by six different thresholds is shown as scatter diagrams 
in Figure 3.13.  The amounts are 6-hour accumulations, with 3 hours before and 3 hours 
after forecast hour 12.  The correlation coefficients between the NAM and observed 
precipitation amounts at each threshold are generally low (below 0.32), which is reflected by 
their scattered distributions.  The shifting of precipitation toward the observations (i.e. 
leaning to the right of center lines in Figure 3.13) at large thresholds indicates that both 
models underpredict large (or convective) rainfall. 
To understand how the rainfall pattern associated with MPs is distorted in the forecasts, 
a synoptic examination is made.  Note that, as shown in Figures 3.12 and 3.13, the 
deficiencies of rainfall forecasts by NAM05 and NAM06 do not differ much from each other, 
which makes it reasonable to combine both periods for a general examination (the NAM 
herein).  Following the composite procedure for Figures 3.10a and d, the composite MP and 
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its associated rainfall are shown in Figure 3.14.  In this case the forecast hour 12 is used for 
the composite and the MP cases in 2006 are included.  The coupling of rainfall with MPs, 
both the observed (Figure 3.14a) and the forecasted (Figure 3.14b), is visible and supported 
by the 95% confidence level (white contours) encircling large precipitation areas.  Despite 
the weaker than observed NAM precipitation amounts, the distributions of observed and 
forecasted rainfall become more similar than in individual cases (e.g. Figure 3.3).  The 
improved similarity in rainfall pattern suggests that the removal of MP position errors may 
improve the precipitation forecast of MPs. 
To examine this possibility, the mobile ETSs of MPs are recomputed by aligning each 
12-hr forecasted MP with the observed one.  The entire matrix of forecasted rainfall is 
shifted following the alignment so the 15°x15° ETS domain covers the same grid points for 
both forecasted and observed rainfall.  Results (Figures 3.14c and d) show that average 
ETSs considerably increase while bias scores decrease, indicating a notable improvement in 
precipitation forecasts.  These improved scores enhance the possibility that the poor 
forecasts of propagating summer rainfall over the northern plains can be improved if the 
position/speed error of forecasted MPs is corrected.  Nevertheless, large bias scores at low 
thresholds still indicate a widely spread rainfall distribution, and small ETSs at large 
thresholds imply that the location of strong precipitation remains displaced to some extent.  
In addition, the precipitation amounts associated with forecasted MPs also remain too small, 
as indicated by Figures 3.14a and b. 
CPSs are among the crucial elements affecting the distribution and amount of 
forecasted rainfall, but numerically examining different CPSs is beyond the scope of this 
study.  The water vapor budget analysis which portrays the precipitation process can be an 
alternative approach to diagnose the cause of underpredicted rainfall.  The vertically 
integrated water vapor flux (Q) is expressed as  
∫ ⋅= 0 )(
Sp
dpqVQ          (5) 
where V is wind field and q is specific humidity.  Previous studies analyzing the 
hydrological cycle over the central United States have recognized the importance of moisture 
transport by the low-level jet to precipitation (e.g., Rasmusson 1968; Helfand and Schubert 
1995), and that the precipitation is maintained mainly through the convergence of water 
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vapor flux (Chen and Kpaeyeh 1993; Chen et al. 1996), namely 
Q⋅−∇≈P .          (6) 
Chen (1985) introduced the water vapor flux potential function (χQ) by solving 
DQ
2χ Q⋅∇=∇ .          (7) 
Eqs.(6) and (7) describe the maintenance mechanism of precipitation through the divergent 
components of water vapor flux (QD) in terms of the horizontal gradients of χQ. 
The observed χQ and QD of the composite MP (Figure 3.15a; following Figure 3.14a) 
depict the strong convergence of water vapor flux immediately east of the perturbation 
trough (dashed line) where the precipitation (Figure 3.14a) is maintained.  Computing χQ 
and QD for the NAM (following Figure 3.14b) and subtracting these variables from the 
observations, the differences (Figure 3.15b) show that the convergence of forecasted χQ is 
too weak ahead of the MP trough, but too strong behind it.  These anomalous χQ and QD 
patterns would weaken the moisture convergence ahead of the MP and suppress the rainfall 
production.  The false χQ convergence behind the MP leads the model to displace rainfall 
which is supposedly to be distributed ahead of the perturbation. 
Based on Eqs.(5) and (6), winds and specific humidity are the most important elements 
involved in the hydrological cycle.  Without performing simulations, the humidity field can 
be examined through the following procedure.  By replacing the NAM specific humidity 
with the observed in the computation of Eq.(5), a reconstructed water vapor flux Q* 
[ ∫ ⋅= 0 NARRNAM )(
Sp
dpqV ] and, subsequently, χQ* [ )( *D2 Q⋅∇∇= − ] can be obtained from 
Eq.(7).  Figure 3.15c shows that the magnitudes of difference between χQ* and the observed 
χQ are substantially reduced compared to Figure 3.15b, meaning that χQ* is now closer to the 
observations.  The similar polarity of the anomalies in Figures 3.15b and c suggests that, 
although the weak χQ in the NAM forecast is largely due to insufficient humidity, there also 
exists a bias in the wind field. 
 
4.3 Summer climatology of the NAM  
Systematic errors of a numerical forecast model usually reflect the deficiencies of the 
model physics or dynamics.  A convenient way to identify such deficiencies is through the 
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examination of model climatology, an approach having been used extensively by the climate 
simulation community (e.g. Boyle 1998; Wu and Liang 2005).  In this section, the NAM 
climatologies of circulation and rainfall are constructed based on the 24 forecast hour 
initialized at every 6-hr cycle (00, 06, 12, and 18Z) throughout July and August of 2005-06.  
Possible interannual variation is not the focus on this study, so the years of 2005 and 2006 
are combined for the examination.  The biases of the circulation and rainfall are 
substantiated by subtracting the forecasted climatological fields from the observed and 
shown in Figure 3.16. 
At the midtroposphere (600 mb; Figure 3.16a), the anticyclonic circulation anomalies 
over the western continental United States indicate that the intensity of the mid-level 
anticyclone (Figure 3.1) is too strong.  The anomalous northeasterly flow over the central 
United States, although not strong, is likely the cause of the slight bias of undersimulated 
wind speed shown in Figure 3.7.  At lower levels (900 mb; Figure 3.16b), the anomalous 
cyclonic circulation over the central-southern United States indicates that the westward 
extension of the Bermuda anticyclone, together with the Great Plains low-level jet, is too 
weak in the NAM climatology.  These anomalous circulations resemble those in the MP 
composites (Figure 3.11).  Thus, it is highly possible that the over-simulated mid-level 
anticyclone in the NAM suppresses forecasts of perturbation vorticity. 
Previous studies focusing on the low-frequency variation of summer precipitation 
pointed out that the rainfall reduction in the central United States is often linked to 
anomalous northerly flow at the middle to upper troposphere and weakened low-level jets 
(e.g., Wallace and Gutzler 1981; Mo et al. 1997).  Weak low-level jets lead to weak 
convergence of water vapor flux toward the central plains.  This process may explain the 
tendency of the NAM to undersimulate rainfall.  Negative χQ and divergent QD anomalies 
shown in Figure 3.16c and the weakened low-level jet in Figure 3.16b correspond with the 
anticyclonic anomalies in the midtroposphere.  Corresponding to the suppressed moisture 
convergence, summer precipitation over the central United States is undersimulated (Figure 
3.16d) in the NAM.  The systematically underpredicted rainfall amount coupled with MPs is 
likely attributed to this climatological precipitation bias. 
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5. Concluding remarks 
The upper-level circulation during July and August is characterized by the North 
American monsoon anticyclone over the western United States with northwesterly flow 
across the northern plains.  Under this large-scale circulation pattern, short wave 
perturbations often initiate over the Rockies in the midtroposphere and propagate eastward 
along the background northwesterly flow.  These perturbations have been found capable of 
inducing long-lived, progressive MCSs.  In view of the unsatisfactory performance of 
forecast models on simulating summer propagating rainfall, this study examines the forecast 
of MPs by the operational NAM during July and August of 2005-06.  Comparisons of the 
NAM output with the NARR and the Stage-IV rainfall data are made.  Results indicate that 
the NAM forecast of MPs exhibit two types of systematic errors: 1) propagation speed of 
MPs is too low, and 2) precipitation associated with MPs is displaced and underpredicted. 
1) MP propagation 
The operational NAM is able to simulate the basic structure of MPs including the cyclonic 
perturbation, eastward propagation, and the associated convection/rainfall.  The genesis 
locations and occurrence frequency of MPs in 2005 and 2006 were handled relatively well 
by the NAM.  However, forecasted MPs tend to propagate more slowly than the 
observed.  Such a speed error is attributed to simulated perturbation vorticity in the 
midtroposphere that is typically too weak.  Weak vorticity leads to weak (positive) 
horizontal vorticity advection that advects the cyclonic perturbation downstream.  In 
addition, the summer midtropospheric anticyclone simulated by the NAM is too strong 
relative to the NARR.  This falsely intensified anticyclone likely suppresses the 
forecasted perturbation vorticity.  This type of error is particularly large in 2005 when 
the Eta model represented the NAM. 
2) Precipitation forecast 
Due to the propagating property of MP-associated rainfall, a mobile approach is adopted 
for computing ETSs.  These skill scores are generally low due to the position shift of 
forecasted MPs lagging behind the observed.  After aligning forecasted MPs with 
observed ones, skill scores of the MP-associated rainfall are significantly improved.  
Another element contributing to the low skill scores are underpredicted precipitation 
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amounts.  Diagnostic analysis indicates that the rainfall production process in the NAM 
contains a bias resulting from insufficient atmospheric moisture and weak convergence of 
water vapor flux.  The bias is intensified by the undersimulated strength of the moisture-
transporting LLJ.  Correcting these biases should effectively compensate the deficit of 
water vapor flux and, in turn, enhance the forecast of precipitation amounts. 
The solutions suggested by this diagnostic study require future sensitivity tests on 
various model settings, particularly CPSs and grid spacing which remain crucial elements 
affecting the humidity and precipitation simulations.  Clark et al. (2007) found that the 5-km 
grid spacing in the WRF model, which omits the use of CPSs and explicitly resolves 
convection processes, considerably improves the propagating signature of the Midwestern 
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Figure 3.1 (a) Mean 600mb streamlines (V) during July-
August of 2005 and 2006 superimposed with 3-
hr locations of midtropospheric perturbations 
(NF; dots), and (b) the occurrence frequency of 
MPs showing their genesis (thin sticks) and 
duration (thick bars) during the analysis period.  




2 1 2 1
Figure 3.2 
3
(a) The NARR streamlines (V) at 300, 600, and 900 mb on 09Z 7/21/05 
superimposed with Stage-IV precipitation (P; 3-hr accumulation).  (b) Same as (a), 
except for the NAM forecast initialized on 12Z 7/20.  The observed MP troughs are 
marked by dashed lines at 600 mb with the corresponding case number, while the 
forecasted MP troughs are marked by solid lines in (b).  Terrain is indicated by 
dotted areas at 900 mb. 
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Figure 3.3 Same as Figure 3.2 except for 09Z 8/5/06 at 600 mb in (a) and the 







Figure 3.6 Mean position errors of forecasted MPs in the (a) longitudinal and (b) latitudinal 
directions, and (c) mean speed errors of forecasted MPs during a 60-hr lifecycle. 
The range of one standard deviation (error bar) is shown by thin lines.  Solid 
lines indicate 2005 and gray dashed lines represent 2006.  Error bars are given 








Figure 3.7 Domain averaged 600mb wind speed from a 4°x4° area 
centered at each MP during the 24-hour NAM forecasts 
versus that of the observations.  Values during 2005 




Figure 3.8 (a) Time series of averaged MP vorticity at 600 mb throughout their 60-hr 
lifecycle in the NARR (black solid line) and the NAM (gray dashed line) during 
2005, and (b) difference of vorticity between the NARR and the NAM.  (c) and 
(d) are same as (a) and (b), except for during 2006.  Error bars are added to all 
time series, and the areas of difference between NARR and NAM are shaded. 
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Figure 3.9 Scatter diagrams of the propagation speeds of MPs during hours 18-
30 in terms of (a) estimated speed by the NARR [cζ(NARR)] versus 
the observed speed, (b) cζ(NARR) versus estimated speed by NAM05 
[cζ(NAM05)], and (c) cζ(NARR) versus the reconstructed estimated 
speed by NAM05 [cζ
*(NAM05), see text for explanations].  The 1:1 





Figure 3.11 Differences of composites between the NAM05 and the 
observations (following Figs. 10a and d) in terms of 
streamlines and streamfunction (∆ψ) at (a) 600 mb and 
(b) 900 mb.  Areas in which ∆ψ ≥ 0 are shaded.  Thick 






Figure 3.12 Mean mobile ETSs (upper panel) and biases (lower panel) of MP-
associated precipitation forecasted by (a) NAM05 and (b) NAM06 at 
hour 12 with respect to different thresholds, computed over a 15°x10° 
domain centered at each observed MP during its lifetime.  Error bars 




Figure 3.13 Scatter diagrams showing precipitation amounts of Stage-IV (x-axis), averaged 
over a 15°x10° domain following each observed MP, versus those of 12-hour 
NAM forecast (y-axis) under different thresholds which are given in the upper 
left of each panel.  The 1:1 line is indicated by solid lines.  Values of 2005 
(2006) are marked by open rectangles (solid dots). 
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Figure 3.14 Composite streamlines at 600 mb of (a) the NARR with Stage-IV rainfall and 
(b) the 12-hour NAM forecast during JA of 2005 and 2006, following the 
procedure for Figures 3.10a and d.  The 95% confidence level of composite 
precipitation is indicated by white contours surrounding large precipitation.  
ETSs and biases of rainfall computed in the domain outlined in (b) (dotted 




Figure 3.15 (a) Composite MP in terms of the potential function (χQ) and divergent 
components (QD; vectors) of water vapor flux from the NARR, (b) differences of 
χQ and QD between the 12-hour NAM forecasts and the NARR, ∆(χQ, QD), and 
(c) differences between the reconstructed χQ and QD using observed specific 
humidity and the NARR, ∆(χQ*, QD*) (see text).  The trough line of MP 
corresponds to that in Fig. 14a.  Zero contours are omitted in (b) and (c). 
CI: 108gkg-1m2s-1 





Figure 3.16 Differences of mean (a) 600mb and (b) 900mb streamlines superimposed with 
wind speed, (c) χQ and QD, and (d) precipitation between the 24-hour NAM 
forecasts and the NARR during July-August of 2005-2006. 
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CHAPTER 4.  EFFECT OF THE TERRAIN BOUNDARY LAYER ON 
SUMMER MIDTROPOSPHERIC PERTURBATIONS: A LARGE-
SCALE PERSPECTIVE 
 
A paper to be submitted to Journal of Atmospheric Science 
Shih-Yu Wang and Tsing-Chang Chen 
 
Abstract 
Summer progressive convective storms originating from the high plains of the Midwest 
United States have been observed to sometimes couple with short-wave perturbations in the 
midtroposphere throughout their lifetime.  Wang and Chen (2008) pointed out that such 
perturbations are common in mid-summer and provide essential forcing for propagating 
convective storms occurring in areas of mid-level northwesterly flow.  In addition, it was 
noted that the perturbations initiate over the Rocky Mountains frequently around 12Z (early 
morning) and 00Z (evening) when the nocturnal stable layer and the convective mixed layer, 
respectively, are most pronounced.  This study investigates the flow characteristics and 
assesses the impact of terrain boundary layer on the formation mechanism of these 
midtropospheric perturbations. 
Various instability factors in the lower to middle troposphere appear coherently with 
the population of midtropospheric perturbations.  The terrain boundary layer characterizes 
the midtroposphere over the Rocky Mountains with lower static stability and larger dynamic 
instability than over the surrounding low plains.  The convective boundary layer leads to low 
static stability and contributes to the evening formation of perturbations, while the stable 
boundary layer causes large wind shear linking to the early-morning genesis of perturbations. 
Flows across the Rocky Mountains undergo pronounced diurnal variability.  During 
the early morning, the diurnal anomalies of the cross-mountain flow and the mid-level 
“return flow” of the Great Plains low-level jet converge over the eastern slopes of the Rocky 
Mountains, promoting positive vortex stretching there.  Vortex stretching then creates 
positive vorticity tendency and generates a cyclonic perturbation.  After its formation, 
cyclonic vorticity is redistributed by horizontal advection and the perturbation is propagated 
downstream of the background westerly-northwesterly flow.  These processes form a 
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The role of the Rocky Mountains on cold-season weather disturbances has been 
extensively studied (e.g., Karyampudi et al. 1995; Poulos et al. 2000; Steenburgh and Blazek 
2001; and others), particularly lee cyclogenesis as reviewed by Hobbs et al. (1996).  
However, the effect of the Rocky Mountains on summer weather systems has not been well 
understood.  A majority of summer convective storms initiate near the eastern slopes of the 
Rockies and propagate eastward.  Those which occur under mid-level northwesterlies tend 
to be long-lived and travel a long distance (Johns 1982; Johns and Hirt 1987).  Such storms 
are often characterized by a regular propagation pattern and a pronounced diurnal variation.  
Both characteristics are important to corridors of propagating rainfall that occur in the central 
United States (Carbone et al. 2002; Davis et al. 2003; Tuttle and Davis 2006).  The 
initiation of these convective activities is often attributed to the diurnal heating over high 
terrain accompanied by moisture supply through the Great Plains low-level jet (e.g., Wallace 
1975; Mccorcle 1988; Nicolini et al. 1993; Stensrud 1996).  However, the possibility of a 
terrain-flow interaction near the Rockies inducing weather disturbances linking to convective 
storms has not been seriously considered. 
Long-lived, progressive mesoscale convective systems (MCSs) over the northern plains 
have been observed accompanying short wave perturbations in the midtroposphere 
emanating from the Rocky Mountains (Bosart and Sanders 1981; Trier et al. 2006; Chen et al. 
2008; Wang and Chen 2008).  After tracing similar perturbations for a decade (1997-2006), 
Wang and Chen (2008) illustrated the climatological importance of such midtropospheric 
perturbations (MPs hereafter) and reported their general characteristics: (1) a short wave 
trough (~700 km in dimension) which appears exclusively in the midtroposphere; (2) 
occurring most frequently during July and August; (3) the areal frequency [Figure 4.1a; 
definition referred to Wang and Chen (2008)] depicts a northwest-southeast oriented track 
extending from the Rockies to the Ohio Valley; (4) the genesis frequency (Figure 4.1b) 
reveals a primary peak at 12Z (early morning) and a secondary peak at 00Z (evening).  In 
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addition, Wang and Chen (2008) found that MPs are related to a majority (~60%) of summer 
rainfall in the Upper Midwest and may result in northwest flow severe weather outbreaks as 
documented by Johns (1982). 
Most of the structural characters of MPs have been explored in these previous studies, 
except for their formation mechanism and the 12Z and 00Z maxima of genesis frequency.  
The midtropospheric circulation over the western United States during summer is dominated 
by an anticyclone which forms prevailing northwesterlies across the northern plains (Figure 
4.1a).  The MP track and frequency are apparently modulated by this northwesterly flow.  
Meanwhile, the diurnal property of MPs suggests a linkage with the planetary boundary layer 
(PBL) over the Rocky Mountains, because the two frequency peaks coincide with the early-
morning stable boundary layer and the afternoon/evening convective boundary layer 
developed over terrain (e.g., Stull 1988; Banta 1984).  The boundary-layer evolution over 
the Rocky Mountains extends well into the midtroposphere (Stensrud 1993; Jiang et al. 2007) 
and likely alters the characteristics of flow there (Lieman and Alpert 1993). 
The development of a daytime mixed layer over mountains is generally similar to 
developments that occur over flat terrain (Banta and Cotton 1981), but its interaction with 
local wind systems makes the evolution of wind profiles more complicated (Banta 1984).  
The interaction between the boundary-layer structure and the mountain wind system can 
trigger convective clouds and impose instability on the mid-level flow (Banta 1984, 1986).  
Helfand and Schubert (1995) used a global climate model to simulate the atmospheric 
circulation over North America and found that the midtropospheric flow near the Rockies 
undergoes a noticeable diurnal variation.  They suggested that the presence of the massive 
terrain changes the diurnal thermal processes, which alter the flow direction in the 
midtroposphere between night and day.  Jiang et al. (2007), using a regional reanalysis, 
illustrated that the boundary-layer evolution over the Rockies helps form the Great Plains 
low-level jet through the diurnal variation of near-surface pressure gradients.  Findings from 
these studies not only highlight the influence of the PBL over the Rocky Mountains on the 
summer circulation, but also shed light on the formation mechanism of MPs.  In this regard, 
an effort is made to explore the impact of the PBL on the midtropospheric flow over the 
Rockies, as well as on the generation of MPs. 
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This study utilizes the North American Regional Reanalysis (NARR) dataset.  The 
NARR was developed by the National Centers for Environmental Prediction (NCEP) based 
on the NCEP Eta model (Mesinger et al. 2006), as introduced in Section 2a of Chapter 2.  
Wang and Chen (2008) pointed out that July and August are the high season for MPs, thus, 
the analysis focuses on these two months.  The climatological characteristics of the summer 
circulation over the Rocky Mountains are presented in Section 2, with an emphasis on the 
midtropospheric properties over the terrain.  The diurnal characteristics of MPs are profiled 
in Section 3.  It will be shown in this section that the midtropospheric flow undergoes 
systematic diurnal variations around the Rocky Mountains, and that the variations 
subsequently lead to the initiation of MPs.  Concluding remarks are given in Section 4. 
 
2. Midtropospheric characteristics of flows over the Rocky Mountains 
Following the onset of the North American Monsoon, the upper-level circulation 
evolves from the late-spring "cold season" regime, characterized by a large-scale trough over 
the western continent, into a prominent anticyclone covering most of the central-western 
continental United States (Higgins et al. 1997).  The monsoon anticyclone is portrayed by 
the vertical cross-section of eddy streamfunction at 43°N in Figure 4.2.  The anticyclone is 
deep with its base extending down to the top of the Rockies.  Underneath the anticyclone is 
the shallow continental thermal low.  Over the eastern United States, a large-scale trough 
dominates the upper troposphere while the westward extension of the Bermuda anticyclone 
characterizes the lower troposphere.  These flow systems form a vertical reversal of the 
summer circulation over North America (White 1982), a circulation structure that can be 
explained by “monsoon” in a dynamic perspective (Chen 2003).   
During mid-summer when there is a net positive radiative balance, surface heating 
leads to a deep, statically unstable temperature profile within the PBL (Stull 1988).  With 
the elevation of the Rockies reaching 700 mb, it is not surprising that the midtroposphere is 
influenced by the PBL over the massive terrain.  The cross-section of static stability (Figure 
4.2a) shows that the atmosphere near the surface of the Rockies is much less stable than the 
surrounding air at the same altitudes.  Low stability is accompanied by strong diurnal 
variation of the temperature profile which alternates between a daytime convective layer and 
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nighttime stable layer, as realized by the root-mean-square (RMS) of temperature variation in 
Figure 4.2b.  Moreover, large vertical wind shear appears in the midtroposphere 
immediately over the Rockies (Figure 4.2c).  In contrast to the strong shear zone near the 
tropopause, this mid-level shear is apparently a regional feature resulting from the PBL and 
the drag of terrain.  The boundary-layer evolution also results in strong diurnal variation of 
wind speeds over the Rockies (Banta 1984) (Figure 4.2d).  These results illustrate that the 
Rocky Mountains create an unstable atmosphere beneath the monsoon anticyclone. 
Because the midtroposphere over the Rockies is more unstable than over the plains, 
local perturbations are likely to form.  The 3-hourly vorticity fields at 600 mb through each 
day of the 1997-2006 period is filtered by the second-order Butterworth bandpass filter 
(Murakami 1979) using 6-48 hours as the bandwidth1.  The RMS of the filtered vorticity, 
RMS(ζ′), depicts large variability of ζ′ concentrating in the westerly flow regime over the 
Rockies, particularly the east side (Figure 4.3a).  Meanwhile, the monsoon anticyclone 
pushes the polar jet northward to near the United States-Canada border and forms strong 
north-south baroclinicity along the southern flank of the jet, as portrayed by large gradients 
of 600mb geopotential height in Figure 4.3a.  The position of this meridional baroclinic 
zone was found correlated with the MCS frequency in the northern plains (Trier et al. 2006), 
where RMS(ζ′) stretches downstream.  Similar patterns between the MP frequency (Figure 
4.1a) and RMS(ζ′) support the observation by Wang and Chen (2008) that the mountainous 
region covering Wyoming, Montana, and southern Alberta Province, Canada is a breeding 
area for MPs.  The results also suggest that these perturbations are linked to two formation 
processes: instability embedded in the background flow and the terrain boundary-layer 
evolution. 
 
a. Background flow instability 
Dynamic instability is important to wave growth, particularly for perturbations showing 
a recurrent pattern following the environmental flow.  For example, African easterly waves 
are either formed along the southern flank of the midtropospheric African easterly jet 
                                                 
1 The average life cycle of MPs is about 48 hours (Wang and Chen 2008), and the 6-48 bandwidth helps filter 
off any synoptic activity. 
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(Burpee 1972) or induced by surface convergence inside the Saharan heat low (Pytharoulis 
and Thorncroft 1999; Chen 2006).  Wang and Chen (2008) pointed out that the summer 
midtropospheric circulation where the highest occurrence frequency of MPs occurs is 
characterized by strong barotropic instability formed along the southern flank of the mid-
level westerly jet (Figure 2.15a).  They also noted that the Charney-Stern instability 
(Charney and Stern 1962), indicated by a sign change of the meridional gradient of potential 
vorticity ( y
q∂∂ ), is pronounced in the westerly flow regime over the Rockies where MP 
geneses take place (Figure 2.15b). 
To examine how such instability is created, the meridional cross-section of y
q∂∂  at 
107°W is shown in Figure 4.4a.  Multiple sign changes of yq ∂∂  appear in the layer 
between 500 mb and 800 mb and coincide with the genesis region of MPs.  The instability 
is distributed over the north-facing slopes of the Rockies in which the north-south thermal 
contrast is large.  This observation is confirmed in Figure 4.4b showing strong negative 
meridional gradient of potential temperature ( y∂∂θ ) over the sloping terrain, a region also 
known as the Wyoming wind corridor where westerly flow is diverted by the Front Range of 
the Rockies and directed through to the Great Plains (Marwitz and Dawson 1984).  In other 
words, this area is characterized by a combination of strong thermal gradient and horizontal 
wind shear.  According to Charney and Stern (1962), temperature gradients and shear 
kinetic energy promote the releases of available potential energy for pressure perturbations.  
These processes have been found important to the African easterly waves due to strong 
meridional thermal gradients created by the surface Saharan thermal low and y
q ∂∂  
variation associated with the African easterly jet (e.g., Pytharoulis and Thorncroft 1999; 
Chen 2006).  Although there is neither a desert nor an easterly jet in the northwestern 
United States, the coupling of the mid-level instability and the low-level meridional thermal 
gradient forms a similarly unstable environment for perturbation growth. 
Flow of preferred wave growth is often a vorticity source itself providing constructive 
vorticity tendency for waves.  The major vorticity sources can be described by the linearized 
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∂= )()()( ζζζζ ,      (1) 
using conventional symbols.  Chen (2003) formulated the planetary-scale monsoon 
dynamics for the major monsoon regions and found that the vertically reversed monsoon 
structure can be sufficiently explained by the Sverdrup vorticity balance, a balance between 
the meridional advection of planetary vorticity (-vβ) and vortex stretching associated with 
planetary vorticity (-f∇·V).  Although a monsoon structure is evident over the northern 
United States (Figure 4.2), horizontal vorticity advection ( ζ∇⋅−V ) may not be negligible due 
to the presence of the summer jet stream.  Thus, the basic dynamics of the circulation in the 




∂−≈ βζ         (2) 
in a planetary scale (Chen 2005), where the overbar indicates long-term summer mean value, 
uZ is the zonally averaged zonal velocity, and β is the meridional gradient of the Coriolis 
parameter f.   
Because the upper- and mid-level flow across the northern Rockies is characterized by 
anticyclonic curvature (Figure 4.1a), negative horizontal vorticity advection dominates the 
downstream flow over the northern plains (not shown).  Therefore, positive vortex 
stretching becomes the only source to generate cyclonic vorticity.  The meridional cross-
section of vortex stretching (Figure 4.4c) shows large positive values near the surface of the 
Rockies.  Helfand and Schubert (1995) noted that the eastern lee of the Rocky Mountains is 
characterized by a mean convergence zone at lower- and mid-levels due to the confluence 
between the upslope southeasterlies and the downslope westerlies.  This convergence zone 
is a likely contributor to the positive vortex stretching.  Although vortex stretching of the 
environmental flow may not be directly involved with the growth of perturbations, it supplies 
vorticity to be consumed or redistributed by horizontal advection through the interaction 




b. The PBL over the Rocky Mountains 
Vertical shear and static stability are the main generation processes for turbulent kinetic 
energy (TKE) in the PBL (Stull 1988).  The combination of low stability and strong vertical 
shear over the Rockies (Figures 4.2a and c) implies large TKE in the midtroposphere (Figure 
4.2e)2.  When the daytime convective mixed layer fully develops, the PBL over the Rocky 
Mountains can reach above the 500mb level (Jiang et al. 2007).  The development of TKE 
in the midtroposphere extracts kinetic energy from the mean flow, thereby slowing the mean 
flow.  The change in wind speed then feeds back to the change of vertical wind shear near 
the terrain surface (Figure 4.2c).  To measure the effect of static and shear instabilities, the 
Richardson number (Ri) is computed.  Ri can be derived from the ratio between the 






∂∂= θθ ,        (3) 
using conventional symbols.  Here Ri is calculated in the form of bulk Richardson number to 
satisfy the gridded NARR data.  Generally, Ri less than 0.25 represents an unstable regime 
when laminar flow becomes turbulent, while Ri larger than 1 would restore laminar flow 
(Stull 1988).   
To better depict the near-terrain flow features, the 700mb streamlines and Ri 
superimposed with the MP geneses during July-August are shown in Figure 4.3b.  Areas 
with Ri smaller than 1 are distributed where the 700mb westerly flow moves across the 
elevated terrain.  MP geneses are distributed correspondingly over the small-Ri areas.  The 
latitude-height cross-section of Ri and zonal wind at 107°W (Figure 4.4d) indicates that small 
Ri is collocated with the deep mid-summer polar jet which produces large vertical wind shear 
near the surface around the Wyoming wind corridor.  The coherent distribution of MP 
geneses with small-Ri areas suggests that the formation of MPs is related to the unstable 
flows near the Rockies.   
Because Ri is determined by both thermal and dynamical factors, knowing their 
contributions to Ri may help disclose the formation processes of MPs.  The 700mb Ri 
                                                 
2 The TKE field up to 600 mb is a direct output of the NARR.  Values above 600 mb are linearly extrapolated. 
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values during each MP genesis3, averaged over a 2°x2° domain centered at the genesis 
location, are plotted in Figure 4.5 with buoyancy )]z/(/g[ vv ∂∂θθ  as the abscissa and 
vertical shear [ 22 )z/v()z/u( ∂∂+∂∂ ] as the ordinate.  More than 95% population of MP 
geneses occurred with the corresponding 700mb Ri smaller than the critical number of 0.25 
(gray line).  The average Ri of all MP geneses is 0.04 (solid line), which is considerably 
smaller than the climatological value of Ri (0.17; dashed line) in the genesis area within the 
domain of (110°-105°W, 42°-47°N). 
Considering the time of genesis, as marked by numbers in Figure 4.5, two groups of 
small Ri emerges: one featuring low static stability with weak vertical shear around the 
evening hours (21Z, 00Z, and 03Z), and the other showing strong static stability with strong 
shear in the early morning (12Z).  The evening group is obviously linked to the well-
developed convective mixed layer, while the early-morning group may be caused by 
increased wind speed in the free atmosphere above the shallow stable layer causing strong 
wind shear to overcome large static stability.   
To validate these results gained from the NARR, summer mean upper-air soundings4 at 
Riverton (RIW), WY, and North Platte (LBF), NE, are shown in Figure 4.6.  Temperature 
profiles indicate that the convective mixed layer at 00Z develops up to 600 mb at RIW 
(Figure 4.6a) but below 800 mb at LBF (Figure 4.6b).  The zonal wind profile at RIW 
(Figure 4.6c) shows that the wind speed between 700 mb and 500 mb is stronger at 12Z than 
00Z, causing larger wind shear near 700 mb in the early morning than the evening.  The 
Great Plains station of LBF (Figure 4.6d) does not reveal such a wind variation character in 
the midtroposphere. 
 
3. Dynamic structure of the flow anomalies 
Instability itself does not necessarily lead to the generation of perturbations, thus, the 
process by which the PBL induces MPs needs further analysis.  Wang and Chen (2008) 
noted that the MP frequency is modulated by a climatic propagating mode that initiates over 
the Rockies and moves steadily eastward (Figure 2.8; adopted in Figure 4.7c).  This climatic 
                                                 
3 Procedures referred to Wang and Chen (2008), or Chapter 2. 
4 Upper-air sounding data are provided by University of Wyoming (http://weather.uwyo.edu/upperair/) 
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propagating mode had not been documented, and its structure and formation are investigated 
in this section. 
 
a. Diurnal evolution of the mid-level flow over the Rockies 
As previously mentioned, the initiation of perturbations is most likely linked to the 
diurnally varying flows over terrain.  The longitude-time Hovmöller diagrams of the 
anomalous 600mb zonal winds (∆u) and meridional winds (∆v), with their daily mean 
removed, are shown in Figures 4.7a and b, respectively, superimposed with the TKE 
evolution.  Over the Rockies (between 105°W and 120°W), TKE at 600 mb exhibits a 
pronounced diurnal variation with an evening (21Z-00Z) maximum.  The extraction of 
kinetic energy from the mean flow by TKE may cause the variation phases of TKE and ∆u to 
be opposite.  Because the mean flow around 43°N is westerly, ∆u in Figure 4.7a implies 
zonal flow deceleration occurring in the afternoon/evening and acceleration in the 
midnight/early morning.  The formation mechanism of these above-mountain anomalous 
flows will be discussed in Section 3c. 
Over the Great Plains (roughly 105°-95°W), ∆v reveals a diurnal variation alternating 
between a southerly anomaly around 15Z and a northerly anomaly around 03Z.  This 
feature coincides with the midtropospheric “return flow” of the Great Plains low-level jet that 
exhibits a diurnal variation opposite to the low-level jet (Hering and Borden 1962; Helfand 
and Schubert 1995; Jiang et al. 2007).  The anomalies of westerly cross-mountain flow and 
southerly return flow during 12-21Z result in anomalous cyclonic vorticity between them 
(Figure 4.7c; near 105°W).  The initiation of this cyclonic perturbation at 12Z corresponds 
to the 12Z frequency peak of MPs (Figure 4.1b).  The perturbation then propagates eastward 
at an average speed of 15 ms-1, similar to that of MPs and convective episodes in 
precipitation corridors (Carbone et al. 2002; Davis et al. 2003; Tuttle and Davis 2006).  At 
such speed, a new cyclonic perturbation typically appears near the Rockies during the next 
morning before the previous perturbation around the Ohio Valley dissipates.  The pair of the 
existing and the newly formed perturbations forms a short wave train spanning the central-
eastern United States.  After superimposing the 3-hourly anomalous frequency of MPs in 
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Figure 4.7c (∆NF, with daily mean removed5), it is found that positive ∆NF anomalies 
coincide with the anomalous cyclonic vorticity.  Their phase coincidence is evidence that 
the genesis, occurrence frequency, and propagation of individual MPs are considerably 
regulated by this climatic perturbation. 
Because vorticity itself is essentially white noise that contains irrelevant signals, 
streamfunction (ψ= ζ2−∇ ) may better illustrate the circulation feature of this climatic 
perturbation (Chen 2005, 2006).  Using the Fourier analysis, the streamfunction anomaly 
(corresponding to Figure 4.7c) is filtered with a short wave regime of zonal wavenumbers 
10-61 (∆ψS; Figure 4.7d) based on the 700-km dimension of MP (Wang and Chen 2008).  
The dimensions and propagation patterns of ∆ζ and ∆ψS correspond well to each other, 
suggesting that ∆ψS represents ∆ζ reasonably.  To depict its three-dimensional structure, the 
horizontal distribution of 6-hr ∆ψS at 600 mb and the vertical cross-section of ∆ψS at 43°N 
are displayed in Figures 4.8a and b, respectively.  A well organized short wave train 
emerges and appears to be propagating eastward.  The amplitudes of this wave train are 
large over the Rockies but decrease while approaching the East Coast.  Figure 4.8b shows 
that the ∆ψS wave train is mainly distributed between 800 and 500 mb, with a slight 
westward tilting near the Rockies and becoming barotropic over the eastern United States.  
The midtropospheric feature of this climate perturbation is in agreement with individual MPs 
presented in Wang and Chen (2008). 
 
b. Formation of the climatic perturbation 
The formation process of this perturbation is substantiated in Figure 4.9 by the 
horizontal distribution of the 600mb wind anomalies (daily mean removed) from 12Z to 18Z.  
At 12Z, the westerly anomalies over the Rockies meet the southeasterly anomalies over the 
Great Plains, forming a cyclonic circulation accompanied by strong convergence along the 
northeastern Rockies.  At 15Z, the perturbation grows as the anomalous flow over the Great 
Plains turns southerly.  At 18Z, the perturbation moves away from the Rockies with less 
noticeable convergence.  Then, according to Figures 4.8 and 4.7c, this perturbation 
                                                 
5 Frequency of MPs projected onto a 2°x2° grid mesh, see Wang and Chen (2008) for details. 
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continues to propagate eastward with a decreasing magnitude.   
Helfand and Schubert (1995) have shown that the diurnal evolution of midtropospheric 
wind anomalies over the Rocky Mountains is opposite to that over the Great Plains, and that 
the variations of the lower- and mid-level wind anomalies on the eastern slope are opposite.  
They proposed that daytime terrain heating produces inflow at low levels and outflow at mid-
levels through a “thermal chimney”, while nighttime cooling reverses the circulation.  The 
thermal chimney leads the momentum flux from daytime upslope convergence (nighttime 
downslope divergence) at the lower troposphere to form divergence (convergence) in the 
midtroposphere.  Helfand and Schubert (1995) also noted that the alternation of inflow and 
outflow in the midtroposphere follows the clockwise directional rotation of the low-level jet 
induced by an inertial oscillation.  It will be shown next that the early-morning convergence 
in the midtroposphere on the eastern slope of the Rocky Mountains is a crucial dynamic 
element linking the thermally induced inflows/outflows to the perturbation formation. 
The dynamic process by which the cyclonic perturbation is formed can be diagnosed 
using the vorticity budget equation (Eq.1).  Strong positive vorticity tendency at 12Z 
(Figure 4.10a), which leads to the growth of cyclonic vorticity, exists between the westerly 
anomalies over the Rockies and the southeasterly anomalies over the Great Plains.  The 
distribution of vorticity tendency is nearly identical to vortex stretching (Figure 4.10b), 
indicating that positive vorticity tendency along the lee of the Rockies is primarily 
contributed to by vortex stretching.  Vorticity advection is very weak at this time (Figure 
4.10c).  The contribution of vortex stretching by vorticity ( V⋅∇− ζ ; not shown) is also 
weak contributing about 5% of the variance, thus, the vortex stretching process in Figure 
4.10b, Vf ⋅∇+− )( ζ , is approximated as Vf ⋅∇− .  Evidently, the lee vorticity generation 
in the early morning is closely related to the mid-level convergence as pointed out by 
Helfand and Schubert (1995). 
After the perturbation is established, vorticity tendency evolves into a negative-positive 
dipole juxtaposing the cyclonic circulation at 18Z (Figure 4.10d).  The effect of vortex 
stretching now almost vanishes (Figure 4.10e), so that vorticity tendency is mostly formed by 
horizontal vorticity advection (Figure 4.10f) showing a dipole pattern very similar to 
vorticity tendency.  Note that vorticity advection only appears within the westerly regime 
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(north of 40°N), and positive vorticity advection downstream (east) of the cyclonic 
perturbation will move it eastward.  Such propagation mechanism continues until the 
dissipation of the perturbation (not shown).   
In summary, cyclonic vorticity of this climatic perturbation is generated through vortex 
stretching and later redistributed by horizontal vorticity advection.  Therefore, the 
perturbation’s dynamics can be approximated as 
Vft ⋅∇−≈ζ  during the genesis stage,      (4) 
and 
)( fVt +∇⋅−≈ ζζ  during the propagation stage.     (5) 
Converting Eq.(4) to streamfunction tendency yields 
)()( 22 Dt Vft
⋅∇−∇≈∂
∂∇= −− ζψ ,        (6) 
where VD is divergent (or ageostrophic) winds, in contrast to streamfunction which depicts 
rotational flows.  Eqs.(4) and (6) indicate that the formation of this climatic perturbation is 
an inertial oscillation process similar to one of the Great Plains low-level jet’s formation 
mechanisms proposed by Blackadar (1957). 
 
c. Formation of the anomalous flow over the Rockies 
Although flows may decelerate due to the TKE development, the early-morning 
acceleration of zonal winds over the Rockies cannot be explained by the loss of kinetic 
energy.  Previous studies analyzing the low-level jet’s formation suggested that the stable 
nocturnal inversion layer over slopping terrain leads to the supergeostrophic wind atop the 
boundary layer and, in turn, results in the nocturnal jet core (e.g., Bonner and Paegle 1970).  
Given the background westerly flow prevailing over the Rocky Mountains, the early-morning 
acceleration above terrain may also be related to this process.   
To test this possibility, the meridional section of the departures of static stability and 
zonal wind at 12Z [∆( upv ,∂
∂θ ); from the daily means] across 107°W is shown in Figure 
4.11a.  Large static stability following the topography indicates the shallow stable layer 
over terrain, while westerly anomalies form immediately above this stable layer.  The 
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supergeostrophic winds in the zonal direction, in terms of actual winds minus the geostrophic 
winds (u-ug), are shown in Figure 4.11b.  Over the Rocky Mountains, westerly (easterly) 
anomalies of u-ug are distributed above (within) the stable boundary layer.  Such a relation 
reverses over regions south of 35°N where the environmental flow is easterly (e.g. Figure 
4.4d).  The consistent patterns between Figures 4.11a and b strongly suggest that the early-
morning increase of westerlies over the Rocky Mountains is a product of the 
supergeostrophic wind effect, which is also linked to inertial oscillation indicated by Eq.(6). 
It appears that a combined effect of the TKE development and the supergeostrophic 
winds leads to the diurnal variation of midtropospheric winds over the Rockies.  Wind speed 
reduction due to TKE can be estimated by −(2xTKE)1/2 for a unit mass, denoted by uTKE.  
Wind speed increase due to the supergeostrophic wind can be measured by actual winds 
minus geostrophic winds (u-ug).  However, only positive u-ug should be taken into account 
because negative u-ug within the boundary layer is caused by surface friction and local 
turbulence (e.g. Stull 1988), which are equivalent to the TKE-induced deceleration.  To 
further examine the relationship between these two processes, the 3-hourly departure of zonal 
wind from the daily mean, averaged between 40°-43°N at 107°W (∆u), is shown as time-
height cross section in Figure 4.11c.  Combining uTKE and positive u-ug in the same manner 
as Figure 4.11c obtains a reconstruction of zonal wind anomalies, ∆u′ (Figure 4.11d).  The 
strong resemblance between ∆u and ∆u′, supported by a spatial correlation coefficient of 0.86, 
suggests that the diurnal variation of zonal flows over the Rocky Mountains is closely linked 
to the terrain boundary layer evolution. 
 
4. Summary and suggestions 
Progressive summer MCSs across the United States northern plains have been found to 
sometimes couple with short wave perturbations in the midtroposphere.  These perturbations 
originating from the Rockies can induce convection while propagating downstream along the 
mid-level northwesterly flow, forming a northwest-southeast oriented rainbelt through the 
northern plains.  Wang and Chen (2008) observed a climatic short-wave perturbation that 
begins near the eastern Rockies and propagates eastward, and that the occurrence frequency 
of MPs is regulated by this climatic propagating mode.  It was hypothesized that the 
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boundary-layer evolution over the Rocky Mountains may affect the midtropospheric flow 
and helps generate perturbations.  Using the NARR data during mid-summer (July and 
August) from 1997 to 2006, this study analyzed the effect of the PBL over the Rockies on 
MPs and explored the formation mechanisms of this climatic perturbation. 
The PBL over the Rocky Mountains characterizes the midtroposphere with lower static 
stability and larger dynamic instability than elsewhere at the same altitudes.  Pronounced 
barotropic-baroclinic instability which satisfies the Charney-Stern criterion is found in the 
midtroposphere over the northeastern Rockies near Montana and Wyoming.  Large 
instability in terms of small Richardson number is also present in the PBL over this region.  
The unstable area was found coincident with where MPs initiate, and a great majority (95%) 
of MPs occur when Ri of the surrounding flow is below the critical value of 0.25.  Small Ri 
associated with the MP geneses is found correlated with either low stability in the 
afternoon/evening or high wind shear in the early morning.  The monsoon anticyclone at 
upper levels pushes the polar jet to the United States-Canadian border and increases vertical 
wind shear near the terrain surface.  Large shear then produces a climatologically unstable 
flow regime.  These findings indicate that the midtropospheric flow over the northern 
Rockies in the United States is unstable and thereby conducive to disturbances that may 
become MPs. 
Though MPs can occur anytime during the day, their 12Z and 00Z frequency peaks are 
notable.  The 00Z (afternoon/evening) genesis occurs when the midtropospheric air within 
the convective mixed layer over the Rockies is most unstable.  The 12Z (early morning) 
genesis, on the other hand, undergoes a more complicated process.  The midtropospheric 
zonal flow accelerates in the free atmosphere above the nighttime stable boundary layer over 
the Rockies, forming early-morning westerly anomalies with large vertical wind shear.  Over 
the Great Plains, the mid-level return flow of the low-level jet evolves into southeasterly 
anomalies in the early morning.  These two anomalous flows converge and form a cyclonic 
circulation over the eastern slopes of the Rockies.  A vorticity budget analysis indicates that 
the convergence contributes positive vorticity tendency to the perturbation through vortex 
stretching.  After the perturbation is organized, the cyclonic vorticity is redistributed by 
horizontal advection which propagates the perturbation downstream along the environmental 
 99
westerlies.  Thus, in addition to the unstable environment over the Rocky Mountains that 
may perturb the midtropospheric flows, MPs are found to form more frequently under the 
stimulation of this climatic perturbation. 
Wang and Chen (2008) proposed that the recurrent characteristics of MPs are linked to 
the propagating rainfall episodes commonly observed in the central United States (Carbone et 
al. 2002; Tuttle and Davis 2006).  This feature also reflects the observation by Johns (1982) 
and Johns and Hirt (1987) that severe weather outbreaks under the typical mid-summer 
circulation (i.e. northwesterly flow at the midtroposphere) are often associated with a regular 
propagation pattern and timing.  Although it is evident that the climatic perturbation 
explored in this study modulates MPs, its effect on the propagating Midwestern rainfall or 
convective storm activity is too early to remark on.  Rigorous analyses on observations and 
numerical experiments regarding this possibility are needed.  To better understand such 
phenomena, the large-scale PBL structure over the Rocky Mountains needs further 
investigation, though the difficulty of deploying a large area of boundary layer observation 
network over the massive terrain hinders this task.  Numerical simulations can be an 
alternative approach to examine the details of the PBL processes suggested by this study. 
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Figure 4.1 (a) Mean 600mb streamlines during July-August of 1997-
2006 superimposed with the occurrence frequency (NF) of 
midtropospheric perturbations (MPs; 3-hr positions), and 
(b) the diurnal frequency of MPs (3-hourly) based on their 
genesis time.  Terrain is shaded in (a).  Definitions of 










Figure 4.2 Longitude-height cross sections of 
July-August mean eddy 
streamfunction (ψE; contours) across 
43°N superimposed with (a) static 
stability (∂θV/∂p), (b) root-mean-
square (RMS) of 3-hourly 
temperature variation, (c) vertical 
wind shear (∂u/∂p), (d) RMS of 3-
hourly wind speed variation, and (e) 
turbulent kinetic energy (TKE).  





July-August mean (a) geopotential height (Z; contours) 
superimposed with root-mean-square of the 6-48-hour 
bandpass filtered vorticity (ζ′; shadings) at 600 mb and (b) 
700mb streamlines superimposed with the Richardson 
number (Ri; shadings) and the genesis locations of MPs 
(NF; dots).  Terrain is depicted by dotted areas in (a). 




Figure 4.4 Latitude-height cross sections of (a) meridional gradient of potential vorticity 
(∂q/∂y), (b) meridional gradient of potential temperature (∂θ/∂y), (c) vortex 
stretching (-f∇·V), and (d) the Richardson number (Ri; shadings) 
superimposed with zonal winds (contours) across 107°W.  Terrain is shaded 
in black.  Area in which the majority of MP geneses occur is indicated 
between 40°N and 50°N. 




Figure 4.5 Scatter diagram of buoyancy (ordinate) and shear (abscissa) terms of Ri at 
700 mb during each MP genesis.  MP geneses between 21Z and 03Z (at 
12Z) are marked with dark gray rectangulars (open circles), while numbers 
correspond to the time of genesis in UTC.  The July-August mean value 
(0.17; dashed line), average value of MP geneses (0.04; solid line), and two 
reference values (0.25 and 0.01; gray lines) of Ri are provided. 
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Figure 4.6 Upper-air observations of potential temperature (θ), averaged during July-
August of 1997-2006, at (a) Riverton (RIW), WY and (b) North Platte (LBF), 
NE, with solid (dashed) line indicating the 00Z (12Z) θ profile.  (c) and (d) 
are same as (a) and (b), except for zonal wind speed (u).  Areas with 12Z u 
greater than 00Z u are shaded. Locations of RIW (1) and LBF (2) and terrain 
are shown atop (a). 
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Figure 4.7 Hovmöller diagrams along 43°N of 600mb (a) zonal wind and (b) meridional 
wind anomalies (with the daily mean removed; contour) superimposed with the 
turbulent kinetic energy (TKE; shadings), and the departure of 600mb vorticity 
from the daily mean (∆ζ; shadings) superimposed with departures of (c) 3-hourly 
MP frequency (∆NF; thick lines) and (d) short-wave regime streamfunction (∆ψS; 
contours) with their daily means removed.  (c) is adopted from Wang and Chen 
(2008), and areas of positive ∆NF are hatched.  The 24-hr cycle is repeated in all 
panels for a better illustration.  All fields are July-August climatology. 
number·(1°x1°)-1 CI: 105m2s-1
CI: 0.3 ms-1 CI: 0.3 ms-1
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Figure 4.8 Departures of short-wave regime streamfunction (∆ψS) from the daily mean at (a) 
600 mb and (b) latitude-height section across 43°N at (top to bottom) 12Z, 18Z, 
00Z, and 06Z.  Zero contours are omitted.  Terrain is shaded in (a) gray and (b) 





Departures of 600mb wind (vectors) and vorticity (contours) from 
their daily means at (top to bottom) 12Z, 15Z, and 18Z.  Zero 
















Latitude-height cross-sections of the 12Z departure of static stability 
[∆(∂θv/∂p); shadings] from daily mean at 107°W superimposed with (a) 
zonal wind anomalies (∆u; contours) and (b) total zonal wind minus 
geostrophic wind (u-ug), and the 3-hourly evolutions of (a) ∆u profile and 
(d) zonal wind anomalies (∆u′) constructed by the TKE-induced wind 
speed reduction (uTKE; see text) and positive u-ug averaged between 40°N 
and 43°N.  The spatial correlation coefficient (σS ) between (c) and (d) are 
given in (d).  Terrain and the MP genesis area are indicated in (a) and (b), 
while zero contours are omitted.  Both UTC and mountain standard time 




CHAPTER 5.  GENERAL CONCLUSIONS 
 
General Discussion 
The formation, maintenance, and forecasting of summer progressive mesoscale 
convective systems (MCSs) occurring under mid-level northwesterly flow have been a 
challenge to meteorological research, not only because these MCSs are not supported by 
large-scale baroclinic forcing as in the classic “dynamic pattern” for spring severe weather 
outbreaks, but also because they exhibit systematic propagation behaviors.  Although 
numerous studies have identified the synoptic conditions conducive to summer progressive 
MCSs, critical forcing mechanisms in driving these storms remain unclear.  Other previous 
studies discovering the association between progressive MCSs and short-wave 
midtropospheric perturbations (MPs) provide evidence of how such MCSs are formed and 
maintained.  Further evidence was obtained after Chen et al. (2008a) proposed the 
dynamical coupling between MPs and progressive MCSs.  In order to investigate how 
significantly these perturbations contribute to the summer convective activity and rainfall, 
this dissertation conducted a climatological analysis and forecast evaluation on MPs.  Three 
hypotheses proposed in the beginning of the dissertation are answered as follows: 
 
Midtropospheric perturbations provide the essential forcing mechanism for convective 
storms under the northwest flow condition (Chapter 2). 
After examining the kinematic structure and climatological characteristics of MPs, the 
results were compared to those of northwest flow severe weather outbreaks (Johns 1982).  
MPs, having an average dimension of 700 km, initiate in the westerly-flow regime over the 
Rockies and propagate downstream along the mid-level northwesterly flow across the 
northern plains.  Consequently, convection coupled with these propagating perturbations 
develops a progressive manner.  The systematic propagation behavior of MPs leads to the 
often northwest-southeast oriented tracks of their associated convective storms.  The 
occurrence frequency of MPs is the highest during mid-summer (July and August) in 
response to the mature phase of the North American monsoon anticyclone that forms steady 
northwesterly flow over the central United States.  The anticyclone, however, limits the 
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vertical development of MPs to below 400 mb and prevents these perturbations from growing 
into midlatitude cyclones. 
Convective activities associated with MPs (in terms of the hail and gusty wind 
frequencies) resemble those produced by northwest flow severe weather outbreaks.  Their 
climatological features such as occurrence frequency, timing, and propagation show strong 
resemblances.  In addition, the intensity variation of the Great Plains low-level jet has a 
profound impact on the MP precipitation.  Updrafts and moist convection associated with 
MPs are considerably intensified during strong low-level jets due to enhanced moisture 
supply.  This finding is consistent with Chen et al. (2008b) in which it was found that strong 
low-level jets amplify the dynamic coupling between low-level convergence at the jet’s 
northern terminus and vorticity tendency ahead of an approaching wave.  More than 60% of 
convective activity and rainfall over the northern plains is linked to MPs, 45% of which 
occurs during strong low-level jets.  Evidently, MPs function as a mid-level, 
subsynoptic-scale forcing mechanism for progressive MCSs within the weakly-forced 
synoptic environment. 
 
The inability of current forecast models in predicting propagating MCSs is contributed to by 
poor forecasts of MPs (Chapter 3). 
Poor forecasts of summer convective rainfall over the central United States have been a 
long-standing problem to numerical weather prediction models.  This chapter evaluated the 
NAM forecast of MPs during the summers of 2005 and 2006, and discovered two types of 
systematic error: 1) propagation speed of forecasted MPs is too low, and 2) precipitation 
associated with forecasted MPs is displaced and underpredicted.  The speed error is 
attributed to the forecasted perturbation vorticity that is consistently too weak in the 
midtroposphere.  Undersimulated vorticity leads horizontal vorticity advection, which 
moves the cyclonic perturbation forward, to also be too weak.  In addition, the intensity of 
the summer midtropospheric anticyclone over the western United States simulated by the 
NAM is stronger than the observed.  It is likely that the falsely intensified anticyclone 
suppresses the perturbation vorticity in the forecasts.  Diagnostic analysis showed that the 
speed error of MPs can be corrected when the vorticity intensity is properly simulated. 
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The errors in precipitation forecasts are partly linked to the speed error of MPs.  
Equitable threat scores (ETSs) of the MP-associated rainfall are generally low, which results 
from the displacement errors in forecasted MPs caused by the speed errors.  ETSs were 
found to increase significantly after the positions of forecasted MPs are aligned with 
observed ones.  Such an improvement indicates that the NAM is able to predict the 
MP-associated rainfall with reasonable accuracy, but the position error of MPs displaces the 
rainfall distribution from where it is observed.  Another element contributing to the low skill 
scores is underpredicted rainfall amounts.  The simulated humidity field over the central 
United States contains systematic biases leading to insufficient atmospheric moisture and 
weak convergence of water vapor flux.  Improving the moisture simulation can effectively 
compensate for the deficit of water vapor flux and, in turn, enhance the forecasted 
precipitation amounts.  These findings support the hypothesis and suggest that MPs should 
be taken into account by future evaluations on numerical weather prediction models. 
 
The boundary-layer evolution over the Rocky Mountains modulates the flow property in the 
midtroposphere and assists in the wave generation (Chapter 4). 
MPs are systematically initiated over the Rocky Mountains in which their geneses 
undergo a strong diurnal variation.  The development of the upper-level monsoon 
anticyclone pushes the polar jet northward to the United States-Canadian border, increases 
vertical wind shear near the terrain surface, and creates strong instability in the lower to 
middle levels.  MP tracks were found to concentrate over this instability zone.  The genesis 
frequency of MPs reveals a primary maximum in the early morning and a secondary one in 
the evening.  This diurnal property was found highly related to the boundary-layer evolution 
over the Rocky Mountains.  The midtroposphere over the terrain is covered by the 
atmospheric boundary layer and characterized by much larger instability compared to 
elsewhere at the same altitudes.  Such instability is attributed to either low stability in the 
afternoon/evening or high wind shear in the early morning.  The unstable region coincides 
with the MP population, suggesting a favorable flow regime for perturbation growth. 
The daytime development of the convective mixed layer over high terrain lowers the 
Richardson number in the midtroposphere and contributes to the evening geneses of MPs.  
  
116
The early morning genesis of MPs, on the other hand, involves a more complex process.  
The midtropospheric westerlies accelerate in the free atmosphere atop the stable boundary 
layer in the early morning, forming westerly anomalies with strong vertical wind shear (i.e. 
large dynamic instability) over the Rockies.  In the meantime, the mid-level return flow of 
the Great Plains low-level jet, driven by the thermal chimney and an inertial oscillation 
(Helfand and Schubert 1995), evolves into southeasterly anomalies.  These two anomalous 
flows converge over the eastern slopes of the Rockies.  Vorticity budget analysis indicates 
that this mid-level convergence generates cyclonic vorticity tendency through positive vortex 
stretching and forms a cyclonic perturbation.  The perturbation is then propagated 
downstream through horizontal vorticity advection.  These processes lead to a climatic 
propagating perturbation spanning across the northern plains, with a clear diurnal signal in its 
genesis.  The occurrence frequency of MPs was found considerably regulated by this 
climatic perturbation.  It becomes clear that the unstable midtropospheric flow over the 
Rockies, strongly influenced by the terrain boundary-layer evolution during summer, is 
conducive to wave disturbances that become MPs. 
 
Recommendations for Future Research 
The analyses of this dissertation were largely based on observational data with 
diagnostic approaches.  To further investigate the formation process of MPs and how they 
induce convective storms, two approaches should be considered: field experiments 
employing densely distributed upper-air soundings and/or airborne observations, and 
high-resolution numerical simulations on selected MP events.  The intense updraft 
embedded in bow echo-producing MCSs is often less than 10 km in width (Davis et al. 2004).  
Since such details cannot be revealed by the 32-km grid spacing of the NARR, the above 
approaches of future research are important in exploring the dynamical structure of MPs 
inducing bow echoes.  In addition, numerical experiments using global climate models will 
assist in understanding the impact of the Rocky Mountains on the midtropospheric 
circulation and these perturbations.  For instance, the atmospheric structure for which MPs 
can occur may be diagnosed through numerical experiments with and without terrain.  
Future works with respect to the dynamic structure, forecasts, and origin of MPs are 
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suggested as follows: 
 
MP structure and convection: 
After Johns (1982), research focusing on the northwest flow storm activity has stressed 
derechos (Johns and Hirt 1987; Bentley and Mote 1998; Ashley et al. 2005) or derecho- 
producing MCSs (Coniglio et al. 2004).  However, connecting MPs with derechos requires 
strict derecho criteria based on storm reports and radar reflectivity, and a universal derecho 
definition has not been defined.  Johns and Hirts (1987) noted that convective storms 
occurring under northwest flow tend to form just a single bow echo.  Whether or not this 
single bow echo feature is a result of the relatively small scale of MP needs further 
examination.  How MPs relate to the meso high-low surface pressure structure typical in 
bow echoes also needs detailed analysis using high-resolution simulations assisted by 
Doppler radar winds.  Data acquired from field experiments such as the Bow Echo and 
MCV Experiment (Davis et al. 2004) will provide a good opportunity to explore the 
mesoscale process in this regard.   
Moreover, it is well known that the central United States undergoes considerable 
interannual rainfall variability.  Although a clear year-to-year variation of the MP population 
is visible during the 1997-2006 period (as shown in Figure 2.8a), the variation was not found 
correlated with the rainfall anomalies over the Midwest.  How the interannual variation of 
MP activity relates to that of rainfall in the heartland requires further investigation using 
longer analysis periods.  Because the formation of MPs is closely associated with vertical 
wind shear and meridional temperature gradient, anomalous circulation patterns affecting the 
strength and position of the summer jet stream should influence the MP population and, in 
turn, modulate summer rainfall in the northern plains. 
 
Forecasts of MP: 
Systematic NAM errors of MP forecasts were identified with suggested solutions that 
require future numerical studies to confirm.  For the structure and propagation of MPs, 
sensitivity tests using different CPSs will help clarify if the feedback of convection to the 
environmental flow can influence the intensities of the simulated monsoon anticyclone and 
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perturbation vorticity.  For the precipitation forecast of MPs, different combinations of 
CPSs and grid-spacings should be tested to examine their impact on the humidity and 
precipitation simulations over the central United States.  Clark et al. (2007) found that 5-km 
grid spacing in the WRF model, which omit using CPSs, considerably improves the 
propagating signature of the Midwestern rainfall compared to coarser grid spacings.  Their 
results suggest a promising solution to improve the rainfall forecasts associated with MPs. 
Factors affecting the summer circulation simulated in the NAM or other forecast models 
may be difficult to find, because these factors are often related to the dynamic core of the 
model.  Until a revolutionary change is made to the dynamic core, correction for circulation 
biases such as those revealing from the overly strong monsoon anticyclone and the weak 
low-level jet in the NAM simulations can only rely on sensitivity tests using different 
parameterization schemes, grid spacings, changes in vertical resolution or lateral boundaries, 
etc.  Because the monsoon anticyclone is, in a planetary-scale perspective, maintained by 
the differential heating between the Gulf of Mexico/Caribbean Sea and the Eastern Pacific 
(Chen 2003), the impact of those sensitivity tests on the simulated heating profile over these 
regions should also be investigated.  After all, a correct background circulation simulated by 
a forecast model is essential for the model to produce reliable forecasts. 
 
Impact of terrain on MPs: 
The role of the Rocky Mountains on the formation of the Great Plains low-level jet has 
been investigated through numerical experiments (e.g., Pan et al. 2004; Jiang et al. 2007).  
These numerical studies pointed out that the existence of the Rocky Mountains significantly 
influences the strength and position of the low-level jet.  A similar approach can be adopted 
to examine if the Rocky Mountains and the terrain boundary layer evolution are fundamental 
causes to the generation of perturbations.  The combined effects of the terrain 
boundary-layer evolution and the return flow of the Great Plains low-level jet can also be 
verified through those approaches.  Results from such experiments will help understand the 
summer circulation structure in relation to the convective storm activity in the central United 
States.  The impact of terrain on the propagating rainfall corridors in the Central U.S. 
(Carbone et al. 2002; Tuttle and Davis 2006) can also be assessed.  Future studies exploring 
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the forcing of these rainfall corridors can base on these results to narrow down their search. 
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